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Abstract
Finite Element Simulation of Large-Scale Confined Inflatable Structures
Iole Pecora
The protection of transportation tunnels is one of the top priorities of transportation and government entities.
Transportation tunnels have been identified as particularly vulnerable to different threats such as
propagation of toxic gases, or smoke originated by human activities or flooding originated by extreme
climatic events such as hurricanes and severe weather. Finding solutions to minimize the consequences of
disastrous events has become critical to increase the resiliency of tunnel systems. The implementation of
large-scale inflatable structures at specific locations of the tunnel system for containing the propagation of
flooding or gases is now possible. When a threat happens, a sensing system detects the threat and triggers
the activation of an inflation system which can deploy, inflate and pressurize the inflatable structure in a
few minutes. When the inflatable structure is completely inflated, it acts as a barrier that can isolate the
compromised region and contain the threat. The feasibility of this concept was demonstrated in 2008, and
several experimental evaluations were conducted in the recent years to demonstrate the operational viability
of this solution. Despite the successful results seen in the experimental evaluations, the development of
simulations that can predict results in advance to reduce the number of experimental iterations is still
essential. Finite Element simulation efforts performed in the recent years contributed to the understanding
of the dynamics of the deployment and inflation of an inflatable structure for one particular tunnel profile
and one folding and deployment configuration. However, if the membrane material of the inflatable
changes, or the shape or configuration of the tunnel profile changes, or the position for storage of the folded
inflatable changes, the initial behavior of the unstressed membrane during the initial deployment and later
inflation, will be different. All this variability increases the need of experimental iterations to determine the
appropriate combination of parameters to achieve acceptable results. Considering that the resources for
experimental iterations can be very limited, there is a clear need to continue with the development of
predictive models that can account for the different factors involved in the implementation of inflatable
structures for tunnel protection.
This work presents the development of Finite Element simulations generated for the evaluation of different
phases of the operation of a large-scale inflatable structure used for sealing a tunnel segment. The
simulations developed in this work focused on reproducing deflation, folding, and placement procedures
for deploying an inflatable from the ceiling of a tunnel segment. The models were also used to evaluate the
behavior of the inflatable during the initial deployment and the full inflation. Different strategies were
analyzed with the ultimate goal of maximizing the global and local conformity, which translate in a better

sealing capacity of the inflatable to the tunnel profile. The results of the simulations showed that a very flat
shape can be achieved by implementing a controlled deflation of the nominal shape of the inflatable as a
starting point of the folding procedures. Moreover, a combination of translational and rotational planes
allowed the flattened shape to reach a more compact shape at the end of the folding procedures. Simulation
results also showed that the stiffness of the membrane influenced the shape and behavior of the inflatable
during the initial deployment. Moreover, results demonstrated that the implementation of passive restrainers
to control the movement and release of the membrane during the deflation, folding, deployment and
inflation contributed to reach higher levels of local conformity of the inflatable to the tunnel perimeter, as
well as an increase of the contact area as the global and local conformity improved. A comparison of
simulation results with available experimental data demonstrated a good level of agreement between the
finite element simulations and the experimental observations.
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1 Chapter 1. Introduction
1.1 Background
Tunnel safety has become a great concern for transportation and government entities in the last decades.
[1-3]. Transportation tunnels have been identified as particularly vulnerable to different threats such as
propagation of toxic gases, or smoke originated by human activities or flooding originated by extreme
climatic events [4-6]. Finding solutions to minimize the consequences of disastrous events has become
critical to increase the resiliency of transportation tunnel systems. One possible solution to contain the
propagation of flooding or gases is the implementation of large-scale inflatable structures at specific
locations of the tunnel system. When a threat happens, a sensing system detects it and triggers the activation
of an inflation system which can deploy, inflate and pressurize the inflatable structure in a few minutes.
When the inflatable structure is completely inflated, it acts as a barrier held mostly by friction and isolates
the compromised region to contain the threat. When the threat is mitigated, the structure is deflated, folded,
repacked and removed from the compromised zone allowing repairs and maintenance of the affected area
and the installation of a new folded and packed inflatable. The feasibility of this concept was tested in 2008
in full-scale setup using an inflatable manufactured from a single-layer fabric material, as shown in Figure
1.1. In that test, the inflatable was deployed from the ceiling of a service tunnel and then inflated with air
at a low pressure in approximately three minutes [7].

Figure 1.1. Full –Scale Experiment [7].
The design, manufacturing, and testing of large-scale inflatables for tunnel protection brought new
challenges, due not only to the large scale of the problem but also to the complexity of the tunnel profile to
which the inflatable had to conform. The design and the reliability of the parameters involved in the design
of this type of structure were addressed in [8, 9]. Moreover, in the last few years, extensive experimental
evaluations were conducted to evaluate and understand aspects of the operation and mechanical behavior
of large-scale inflatables. The feasibility of using a more robust membrane as well as the implementation
of a lateral deployment instead of a ceiling deployment was evaluated in [10, 11]. The evaluation of
frictional characteristics of the inflatable when subject to flooding pressures were evaluated in reduced scale
experiments reported in [12]. A key aspect found in the experimental work was that the level of conformity
1

of the inflatable to the tunnel perimeter plays an important role in the sealing capacity of the inflatable.
Experimental investigations of the initial deployment of large-scale structures showed that the initial shape
achieved by the inflatable at the end of the initial deployment and inflation at low pressure is critical for
maximizing the sealing capacity [13]. The presence of gaps in the contact between the inflatable and the
inner tunnel surfaces not only reduces the frictional capacity to remain stable when subject to the external
pressure but also increases the sources and amount of leakage that the inflatable is meant to contain [13].
From the operational point of view, experimental tests showed that the implementation of a large-scale
inflatable for sealing one or more segments of a tunnel system could be divided into three main phases [9,
13]: Phase 1, preparation and installation; Phase 2, initial deployment and inflation at low pressure; Phase
3, pressurization of the inflatable structure to contain the pressure of the threat, either gas or water. In Phase
1, the inflatable structure is folded and placed within a portable container that is then transported to a
specific location of the tunnel segment and pre-installed. Phase 2 starts when a sensing system detects a
threatening event. The sensing system activates the automatic opening of the container allowing the initial
unfolding and deployment followed by the activation of inflation system. When the inflatable is in place,
Phase 3 starts with the pressurization to ensure that the inflatable will remain in place when subject to the
external pressures.
Unlike the inflatable structures used in automobile and aerospace applications, which are relatively small
and lightweight, the inflatables for protection of tunnels can have large dimensions and high weight due to
the robustness needed in the fabric material to withstand the internal as well as the external pressures [13].
Experimental work carried out with full-scale prototypes demonstrated to be labor intensive and required
multiple iterations to achieve consistent results. Moreover, experimental results reported in [11, 13]
indicated that the preparation procedures including the deflation, folding sequence and position of the
deployment have an influence on how the membrane of the inflatable behaves during the initial deployment
and then how it conforms to the tunnel section at the completion of inflation.
Wong, 2013 [14] carried out the first effort to simulate the maneuvers corresponding to the folding,
placement in the tunnel, deployment from a lateral position, and inflation. Wong adopted techniques applied
in the automobile and aerospace application such as folding by rolling as well as the installation of passive
restrainers to control the release of the membrane during the initial deployment [14, 15]. In his models, the
fabric material of the inflatable was modeled as an orthotropic material, including shear resistance and
frictional properties. Wong also adopted an inflator originally designed to simulate the inflation of
automobile airbags [16-18]. The results reported by Wong, 2013 [14] matched reasonably well the
experimental observations reported in [10, 11, 13] and provided a starting point that can be used as a
reference for simulating similar inflatable structures installed in other tunnel configurations.
2

On the other hand, inflatable structures are usually folded following two patterns: zig-zag folds (or z-folds)
and rolling. These two patterns are commonly used in the automobile industry for folding driver’s and
passenger’s airbags, and also in the aerospace industry for folding inflatable antennas, membrane reflectors
or toroidal rims [19-25]. In the simulation of these two patterns, the inflatable is typically flattened first and
then folded using a combination of folding rigid planes pre-positioned at specific locations that translate or
rotate following specific paths defined depending on the particular shape to be achieved [19, 23]. Similar
techniques have been used to reproduce the manual operations implemented experimentally for folding
large-scale inflatable structures used for sealing tunnels [14, 15].
Experimental observations showed that the membrane of the inflatable is unstressed during the initial
deployment, or at most, subject to a load corresponding to its weight [11, 13]. One of the challenges for
modeling this behavior is the simulation of the stiffness and wrinkles for unstressed conditions. In the finite
element simulations, it is common to use membrane elements to represent the performance inflatable
structures. However, membrane elements can become unstable when subjected to in-plane compressive
stresses. Since the mechanical behavior of membranes is assumed to have no resistance under compression,
when the membrane is subjected to compressive stresses, it tends to avoid compressive stresses by out of
plane deformation called wrinkling. One way to overcome this problem and in order to represent large
deformations of thin membranes, a pseudo-surface can be defined. This pseudo-surface represents the
global surface of the membrane without wrinkles, and the membrane is defined in a three-dimensional space
with the surface in plane stress state. With this wrinkling procedure, the membrane is considered to deform
from its non-deformed configuration to the deformed configuration [26]. Additionally, it is common in the
simulation of airbags to assign a very small artificial compressive strength to the fabric material in order to
reduce excessive distortion of the membrane elements [27].
Furthermore, two inflation models are typically adopted for the simulation of the inflation of inflatables.
One of the simplest models, originally designed for simulation of deployment and inflation of automobile
airbags, is the Control Volume (CV) method, also known as the Uniform Pressure Method (UPM) originally
proposed by Wang, 1988 [16-18]. This method was implemented in the simulations developed by Wong,
2013 [13] with results in good agreement with the experimental observations reported in [10, 11, 13]. A
second and more sophisticated model is the Coupled Eulerian-Lagrangian (CEL) method [18, 27]. This
second method is also used in the simulation of automobile airbags and provides the ability to model the
dynamics of the gas flow in the airbag and to include the effects of surrounding air during deployment [27].
This method demonstrated to be more accurate for reproducing very fast-occurring events (in the order of
milliseconds) but at a high computational cost.
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1.2 Motivation
The experimental work reported in the literature demonstrated that the evaluation of feasibility and
operational viability of the implementing large-scale inflatable structures for the protection of tunnels could
be complex, effort-intensive and time-consuming. Despite the successful results seen in the experimental
evaluations, the development of simulations that can predict results in advance in order to reduce the
number of experimental iterations is essential. The efforts initiated by Wong, 2013 [14] served to
understand the dynamics of the deployment and inflation of an inflatable structure for one particular tunnel
profile and one folding and deployment configuration. However, if the shape or configuration of the tunnel
profile changes, or the position for storage of the folded inflatable changes, the initial behavior of the
unstressed membrane during the initial deployment and later inflation will be different. All this variability
increases the need of experimental iterations to find the appropriate combination of parameters to achieve
acceptable results. Considering that the resources for experimental iterations are limited, there is a clear
need to continue with the development of predictive models that can account for the different factors
involved in the implementation of inflatable structures for tunnel protection. That need motivated the
development of the work presented in this thesis.

1.3 Objectives
The main objective of this work is to create Finite Element (FE) models able to simulate the procedures for
the preparation and deployment of inflatable structures used for the protection of tunnels. Using the
techniques developed by Wong, 2013 [14] as a starting point, this work explores new ways for better control
of the membrane since it plays an important role on the final conformity of the inflatable to the tunnel. This
work also aims to demonstrate that using a simple geometry for the inflatable it is possible to achieve a
higher level of conformity without using a fitted shape of the inflatable adopted in the experiments reported
by Martinez, 2008 [7]. The purpose of the FE models is to simulate the following operations:
A. Folding methods that follow the procedures implemented experimentally, including:
•

The implementation of a controlled deflation to reach a flat shape.

•

The implementation of a folding procedure for the flat shape that minimizes the storage volume.

B. Initial deployment and inflation, which will require:
•

The definition of placement procedures of the folded shape in the storage area of the tunnel crosssection.

•

The design of an inflator system taking into account the available experimental results.

•

The definition of a sequence of deployment and activation of the inflator for inflation under
confined conditions.
4

C. Parametric studies to evaluate the influence of parameters on the performance of the inflatable such as:
•

The stiffness of the membrane during initial deployment.

•

Mass scaling factor.

•

Mass proportional damping factor.

•

Ambient temperature.

•

Folding technique with and without the implementation of initial pre-folds.

1.4 Outline
This thesis is divided into seven chapters. In Chapter 1, background information about the development of
inflatable structures for tunnel protection was presented along with the motivation and main objectives of
this work. Chapter 2 provides a brief overview of the formulation and the main tools used for the generation
and analysis of the FE models developed in this work. Chapter 3 presents the geometrical properties and
set-up of the FE models corresponding to all the parts modeled in this work. Chapter 3 also presents the
results of a mesh convergence analysis for the model corresponding to the inflatable structure under
unconfined pressurization. In Chapter 4, two techniques of deflation are introduced and discussed: the
uncontrolled deflation and the controlled deflation. Chapter 4 also presents the definition of the inflator
system implemented in the simulation of unconfined inflation and concludes with a parametric study
conducted to understand how changing of parameters influence the behavior of the inflatable structure and
also the computational time. Starting from the flattened shape obtained at the end of the controlled deflation,
Chapter 5 describes the folding procedure adopted to achieve a compact folded shape, the placement process
and the simulation of confined inflation. This chapter also presents an initial comparison between FE
simulations and experimental results and concludes with a parametric study performed to evaluate the
influence of stiffness of the membrane material on the global behavior during the initial deployment and
inflation. Taking into account all the knowledge gained from the results described in the previous chapters,
Chapter 6 describes an enhanced technique developed to improve the membrane behavior of the inflatable
during the initial deployment and inflation, and to correct the lack of local conformity observed in Chapter
5. Finally, Chapter 7 presents the main conclusions drawn from the results presented in previous chapters
and also provides recommendations for future work.
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2 Chapter 2. Modeling Tools
2.1 Introduction
The Finite Element Method (FEM) is a numerical procedure in which a structure is subdivided into an
assembly of a finite number of elements with an assumed form of displacement or stress distribution. The
solution is obtained by combining these individual finite displacements or stress distributions in a way that
satisfies the force-equilibrium and displacement related to the elements chosen. The FEM is suitable for the
analysis of complex structures subjected to complex loading scenario.
The Simulia Finite Element simulation package was implemented in this work [27]. In particular, the
geometry and meshing of the model were generated using Abaqus/CAE. All the nodes and the element
were later renumbered with HyperMesh [28] tools, and the model properties were compiled in an Abaqus
input file (.inp) in order to make the simulation work more efficiently. The Abaqus .inp file includes
material properties and the mechanical properties needed for the proper definition of the structural model.
In this work, all the models were solved with the explicit solution solver, and Abaqus/Viewer was used to
visualize and post-process the simulation results.
Starting from the idealization of the structure using the FEM, this section intends to provide the reader with
a brief overview of the formulation and the main tools used for the generation and analysis of the models
developed in this work.

2.2 Explicit Analysis
The explicit solution solver was used in this work to simulate the following: a) Quasi-static behaviors with
complicated contact interactions; b) large displacement behavior including large rotations and large
deformations, accounting for geometrically non-linear deformations.
The explicit dynamic procedure requires a large number of small time increments to achieve the final
configuration resulting from the application of loads [27, 29]. In Abaqus, the explicit solver implements the
central-difference time integration rule. The explicit central-difference operator satisfies the dynamic
equilibrium equations at the beginning of the increment 𝑡. The accelerations calculated at time 𝑡 are used
to advance the velocity solution to time 𝑡 +

Δ𝑡
2

and the displacement solution to time 𝑡 + Δ𝑡. The velocity

and acceleration are approximated by the finite difference method.
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The relations for velocity and displacement are:
𝑢̇ 𝑁

1
(𝑖+ )
2

= 𝑢̇ 𝑁

1
(𝑖− )
2

+

Δ𝑡(𝑖+1) + Δ𝑡(𝑖) 𝑁
𝑢̈ 𝑖
2

𝑁
𝑁
𝑢(𝑖+1)
= 𝑢(𝑖)
+ Δ𝑡(𝑖+1) 𝑢̇ 𝑁

1
(𝑖+ )
2

Eq. (2.1)

Eq. (2.2)

Where 𝑢𝑁 is a degree of freedom (displacement or rotation component) and the subscript 𝑖 refers to the
increment number in an explicit step.
The diagonal element mass matrix is used in the explicit procedure to increase the computational efficiency.
The accelerations at the beginning of the increment are computed by:
𝑢̈ 𝑖𝑁 = (𝑀𝑁𝐽 )−1 (𝑃𝑖𝐽 − 𝐼𝑖𝐽 )

Eq. (2.3)

Where 𝑀𝑁𝐽 is the mass matrix, 𝑃 𝐽 is the applied load, and 𝐼 𝐽 is the internal force vector. The velocity and
the nodal positions (or displacements) are then calculated by plugging the acceleration calculated in Eq.
(2.3) into Equations (2.1) and (2.2). The incremental deformation produces increments in the strains and
stresses. Knowing the strains and stresses, it is possible to compute the internal forces.
An approximation to the stability limit can be written as [27, 29]:
Δ𝑡 ≈

𝐿𝑚𝑖𝑛⁄
𝑐𝑑

Eq. (2.4)

Where, 𝐿𝑚𝑖𝑛 is the smallest element dimension in the mesh, and 𝑐𝑑 is a material property defined as the
dilatational wave speed which is typically expressed in terms of λ and µ:
𝜆 + 2𝜇
𝑐𝑑 = √
𝜌

Eq. (2.5)

Where 𝜆 and G = 2µ are the Lamè’s constants and 𝜌 is the material density.
The FE models created in this work were subjected to large deformations that produced reductions of the
characteristic length of the elements. These reductions resulted in, as shown in the Eq. (2.4), a decrease of
the time increment that produced an increase of the computational time.
Scaling the mass of the excessively deformed elements can decrease the computational time. This approach
is called mass scaling, and it is summarized next.
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2.2.1 Mass Scaling
This approach artificially increases the material density 𝜌 by a factor of 𝑓 2and it produces a decrease of
wave speed 𝑐𝑑 by a factor of 𝑓 [27]. From Eq. (2.5) and Eq. (2.4), this increase of density produces an
increase of the stable time by a factor of 𝑓. By increasing the stable time increment through mass scaling,
it is possible to analyze the model in its natural time period. The factor 𝑓 2 is known as Mass Scale Factor
(MSF) and has exactly the same effect on the inertia forces as accelerating the time of simulation.
The implementation of mass scaling is convenient in rate-dependent problems, but it must be used with
care to ensure that the inertial forces do not dominate and change the solution. Indeed, from the Equations
2.1, 2.2 and 2.3, it can be seen that increasing the stable time increment produces an artificial increase of
the displacement, velocity, and acceleration that are not representative of the physical reality under
consideration.
There is not an exact way to find the exact value of the mass scaling factor. However, it can be found with
a relatively low number of iterations. In Abaqus, the mass scaling can be fixed or variable for each step of
the simulations [27].
In this work, a fixed mass scaling was implemented. In a quasi-static analysis, the mass scaling factor is
usually applied to the entire model once at the beginning of the step. It is important to highlight that the
items in a model that are affected by mass scaling are [27]:
•

Mass, rotary inertia, rigid, and infinite elements

•

Rotary inertia in beams and shells

•

Bulk viscosity and mass proportional damping

Moreover, the items in a model that are not affected by mass scaling are [27]:
•

Gravity loads

•

Adiabatic heat calculations

•

Thermal solution response in a fully coupled thermal-stress analysis

•

Equation of state materials

•

Fluid and fluid link properties

•

Spring and dashpot elements

In this work, the relevant items from the list above were the mass, the mass proportional damping 𝛼 and
gravity load which was always active for the duration of the simulations.
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2.3 Overview of Element Types Implemented in this Work
The elements used in the FE models created in this work were the membrane element, the rigid element,
and the connector element. Membrane elements were used to represent the thin wall of the fabric material
that constituted the inflatable structure. Rigid elements were used to represent auxiliary components such
as the base in which the model was leaning during some stages of the simulation, as well as the folding
planes. Rigid elements were also used to represent the confining environment created by the tunnel walls.
Connector elements were used to simulate the holding of the membrane and the controlled release of the
membrane during the deployment maneuvers. Additional details for each type of element are presented
next.

2.3.1 Membrane Elements
The membrane elements are surface elements that transmit in-plane forces only. These elements have no
bending stiffness so they cannot carry out bending moments. General membrane elements are used in threedimensional models in which the deformation of structure can evolve in three dimensions. In this work, a
three-dimensional triangular membrane element named (M3D3) was implemented for representing the
membrane of the inflatable, where “M” indicates membrane element, “3D” represents the dimensionality
of the element, and “3” is the number of the nodes in the element [27].
Figure 2.1 shows the convention used in Abaqus to assign the normal direction to the surface of membrane
elements. The ’top’ surface of a membrane is the surface in the positive normal direction and is called the
SPOS face for contact definition. The ’bottom’ surface is in the negative direction along the normal and is
called SNEG face for contact definition [27]. The definition of SPOS and SNEG faces of membrane element
is important not only during the contact definition, in which it is possible to define what face of the
membrane is in contact with other auxiliary surfaces defined by rigid elements but also during the definition
of the fluid cavity as described later.

Figure 2.1. Normal orientation for membrane elements [27].
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2.3.2 Reference Mesh
Similarly to the simulation of automobile airbags, the simulation of folding and deployment of large-scale
inflatable structures requires the definition of a reference mesh (or initial metric file) that is used to restitute
the membrane to the unstressed condition existing before the folding. In Abaqus, it is necessary to specify
a reference mesh for membrane elements [27]. By calling the reference mesh, it is possible to restitute the
inflatable structure to the desired final shape model and also to relieve the stresses that arose during the
folding process. In this work, the reference mesh corresponded to the nominal shape of the inflatable before
deflating and folding which was used as unstressed reference configuration.
In the simulation of deployment and inflation, two different meshes were defined in the input file (.inp):
the folded flat shape and the reference mesh (contained in a .mtr file). This reference mesh contained the
same element numbers and the coordinates of the nodes associated to the unstressed configuration of each
element.

2.3.3 Rigid Elements
A rigid body or rigid element can be seen as a group of nodes, elements and/or surfaces whose motion is
governed by the motion of single node called reference node. So, the motion of a rigid body can be defined
by applying boundary condition at the reference node. During the simulation, the relative position of nodes
and elements that are part of the rigid body remain constant. In this work, a rigid quadrilateral element
named (R3D4) [27] was implemented for representing the auxiliary components such as the base, the
folding planes, and the tunnel walls. In the R3D4 element, “R” stands for rigid element, “3D” represents
the dimensionality of the element and “4” represent the number of nodes that define the element
(quadrilateral element).

2.3.4 Connector Elements
With a connector element, it is possible to define a connection between two nodes and each node can be
connected to a rigid part, a deformable part or not connected to any part. These elements are available for
two dimensional, axis-symmetric, and three-dimensional analyses. The models created in this work
included connectors of the type CONN3D2, where “CONN” stands for connector, “3D” stands for the
dimensionality of the analysis and “N” represents the numbers of the nodes, which is always two because
each connector is always defined by two nodes [27]. Once the type of connector is defined, it is important
to define the type of connection and its behavior. There are several types of connections [27], but the models
created in this work implemented only an axial connection which provided a connection between two nodes
that acted along the connected line of the two nodes as shown in Figure 2.2.
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Figure 2.2. Connection type (axial) [27].
From Figure 2.2, the distance between the two nodes a and b is defined by:
𝑙 =∥ 𝑥𝑏 − 𝑥𝑎 ∥

Eq. (2.6)

The available displacement component 𝑢1 of relative motion acts along the line connecting the two nodes
is defined as:
𝑢1 = 𝑙 − 𝑙0

Eq. (2.7)

Where 𝑙0 is the initial distance from node a and b.
The axial force is given by:
𝑓𝑎𝑥𝑖𝑎𝑙 = 𝑓1 𝑞̅

Eq. (2.8)

Where:
𝑞̅ =

1
(𝑥 − 𝑥𝑎 )
∥ 𝑥𝑏 − 𝑥𝑎∥ 𝑏

Eq. (2.9)

is a measure of the nodes displacement with respect to its original position of the nodes.
Taking into account Eq. (2.8), the axial connection is defined by two parameters; the elasticity (𝑓1) that
defines its behavior; linear or non linear elastic effect on connector using elastic stiffness (force or moment
per relative displacement or rotation) and 𝑞̅ . Moreover, a typical connector requires the definition of a
failure behavior that represents the breaking of the connector when a relative motion component, force or
moment becomes larger than a predefined reference value. If the failure criterion is met during the
simulation, either all components or a single available component fail, the axial force 𝑓𝑎𝑥𝑖𝑎𝑙 in each
connector is removed during the increment when the failure criterion is met.
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2.4 Material Properties
The membrane of the inflatable structure was modeled as a single layer of fabric material. The fabric
material model was considered orthotropic and non-linear. The constitutive model was defined by available
experimental test data for each deformation direction. The response was represented by three components,
two in tension in the warp and fill directions, and a third one to account for the shear response [27]. Although
a fabric material does not have stiffness under compression, the stability and the convergence of the FE
models required the definition of an artificial compressive strength in order to prevent excessive distortions
or the collapse of membrane elements. For the models created in this work, a compressive strength in the
range of 0.05% to 1% of the maximum tensile strength was assigned to the constitutive model of the fabric
material.

2.4.1 Material Damping
From the equilibrium equation we know that:
𝑚𝑢̈ + 𝑐𝑢̇ + 𝑘𝑢 = 𝐹

Eq. (2.10)

The Rayleigh damping model introduces damping into the models in the following form [27]:
𝑐 = 𝛼𝑚 + 𝛽𝑘

Eq. (2.11)

where:
𝛼 is the mass proportional Rayleigh damping coefficient [𝑠 −1 ]
𝛽 is the stiffness proportional Rayleigh damping coefficient [𝑠 −1 ]
𝑚 is the mass matrix of the system
𝑘 is the stiffness matrix of the system
If 𝛼 = 0, the damping is proportional to the stiffness only, while if 𝛽 = 0 the damping is proportional to
the mass only.

2.5 Friction and Contact Properties
During large displacement and deformation analyses, different parts of the inflatable structure can come
into contact with itself and with other parts of the model. In order to avoid structural penetration, it is
important to define contact interactions and contact controls [27, 29]. In this way, it is possible to represent
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the true physical events. In this work, the contact interactions were defined between the inflatable structure
and the auxiliary components such as the base, the folding planes and the confined environment, and also
between the inflatable structure and itself.

2.5.1 Friction
When two material bodies are in contact, the compressive force 𝑭𝑵 in the normal direction is built up as
shown in Figure 2.3.

Figure 2.3. Friction between two material bodies in contact [29].
If the lateral force 𝑭 tries to drive the upper body to slide away, there is a resistance force 𝑭𝑻 called friction
force such that 𝑭𝑻 = −𝑭, acting in the opposite direction of the driving force and it is tangent to the contact
surface. When the driving force increases, the friction increases until it reaches its maximum value 𝑭𝑻𝒎𝒂𝒙 .
Then, if 𝑭 is smaller than 𝑭𝑻𝒎𝒂𝒙 (𝐹 < 𝐹𝑇𝑚𝑎𝑥 ), the motion is not possible, but when 𝐹 > 𝐹𝑇𝑚𝑎𝑥 , the sliding
motion initiates.
There are two types of coefficients of friction, the static friction, and the dynamic friction. In this work,
only the static friction was implemented in the models, and it is related to the friction between non-moving
bodies, and it is defined by the ratio of tangential and normal force as:
𝜇𝑠 =

𝐹𝑇𝑚𝑎𝑥
𝐹𝑁

Eq. (2.12)

The friction in a mechanical system follows the Coulomb’s model defined as:
|𝐹𝑇 | ≤ 𝜇𝐹𝑁

Eq. (2.13)

|𝐹𝑇 | < 𝜇𝐹𝑁 ⇒ 𝑣𝑡 = 0

Eq. (2.14)

|𝐹𝑇 | < 𝜇𝐹𝑁 ⇒ ∃𝜆 > 0, 𝑣𝑡 = −𝜆𝐹𝑇

Eq. (2.15)
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Eq. (2.14) represents the situation of static friction. Eq. (2.15) states that friction force acts in the opposite
direction of motion. Using mathematic notation, we can write:
|𝑣𝑇 |
−𝐹𝑇 −𝑣𝑇
=
⇒ 𝑣𝑇 = −𝐹𝑇
= −𝜆𝐹𝑇
|𝐹𝑇 | |𝑣𝑇 |
|𝐹𝑇 |

Eq. (2.16)

|𝑣 |

and, here 𝜆 = |𝐹𝑇 | and 𝑣𝑇 is the tangential component of the velocity.
𝑇

For the models created in this work, friction coefficients in the range of 0.1 ≤ 𝜇 ≤ 0.5 were implemented.
Values close to the upper end of this range were adopted between the inflatable structure and the folding
planes during the folding procedures in order to avoid sliding of material during the displacement of the
folding planes.
During large deformation analyses, it is possible that the contact surfaces are involved in excessive
penetrations. In most of the cases, as happened in this work, these excessive penetrations are due to the
element size. The elements did not have enough space to deform and were involved in inter-element
intersection and penetrations [28]. One way to avoid this problem was to use a more refined mesh in
combination with the definition of a contact penalty factor which is described next.

2.5.2 Contact Penalty Factor
The purpose of the definition of a contact penalty factor is to detect and reduce the possibility of interelement intersections and penetration by using a force at the contact detection point(s) that has penetrated
across the target surface. The mathematical formulation of this force is:
𝑓𝑐𝑜𝑛𝑡𝑎𝑐𝑡 = 𝐾𝑐 ℎ

Eq. (2.17)

Where 𝐾𝑐 is the contact stiffness (also called contact penalty factor), and ℎ is the penetration size. From
Eq. (2.17), it is possible to see that the larger the penetration, the greater will be the force 𝑓𝑐𝑜𝑛𝑡𝑎𝑐𝑡 . The
challenge is to estimate the magnitude of this force. The force 𝑓𝑐𝑜𝑛𝑡𝑎𝑐𝑡 needs to be large enough to push
the contact surface back to the target surface in order to eliminate penetration but, at same time, not so large
to push the contact out of the target surface. Therefore, the challenge is to choose an appropriate value
of 𝐾𝑐 . Several iterations were needed before finding the right value to eliminate the penetrations of elements
at a reasonable computational cost.

14

2.6 Pressurization
In this work, the simulation of pressurization of the inflatable followed two approaches. In the first
approach, called “direct approach,” the pressure was applied as a pneumatic pressure defined as a boundary
condition to the surface of the membrane elements. In the second approach, called “indirect approach,” the
pressure applied on the surface of the membrane elements was derived from the definition on an inflator
system that provided a specific gas mass flow rate for a specific period of time.
The main differences between the two approaches are the predictability of the pressure magnitude and its
behavior. In the direct approach, the magnitude of the pressure and its behavior is directly defined in the
model, whereas, in the indirect approach, only the mass flow rate is initially defined in the model, but the
variation over the time of the magnitude of the internal pressure is part of the output of the simulation.
Both approaches required the definition of the coupling between the deformation of the inflatable structure
and the internal pressure exerted by the gas on the structure. The deformation of the structure depended not
only on the external pressure that acts on the model (gravity pressure) but also on the internal pressure
exerted by the gas, which was assumed to be air. For modeling this coupling, a fluid cavity was defined to
represent the volume being filled by the gas. The fluid cavity created for the models of this work was
defined by the internal volume of the inflatable structure. The fluid cavity also required the definition of a
cavity reference node that is associated with a fluid cavity. This reference node has only one degree of
freedom (degree of freedom number 8) that was used to apply the internal pressure inside the fluid cavity
[27].

2.6.1 Direct Approach
The direct approach was used during the controlled deflation carried out in preparation for modeling of the
folding process. During the controlled deflations, the internal pressure was imposed as a boundary condition
to the cavity reference node (degree of freedom number 8), and it was applied from the beginning of the
simulation with a magnitude equal to the external pressure (gravity pressure), and then gradually decreased
during the simulation. In this approach, at the beginning of the simulation, there was an equilibrium between
internal pressure and external pressure. During the simulation of controlled deflation, the pressure decreased
with a ramp function, and the inflatable structure started to deflate due to the unbalance between internal
and external pressure until it reached the flat shape. That is, at the beginning of the simulation:
𝑃𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙 = 𝑃𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙
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Eq. (2.18)

Then, during the simulation:
𝑃𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙 < 𝑃𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙

Eq. (2.19)

𝑃𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙 = 0

Eq. (2.20)

And, at the end of simulation:

2.6.2 Indirect Approach
The indirect approach was used to simulate the inflation process under unconfined and confined conditions.
During the inflation, the pressure applied inside of a cavity was achieved by modeling the transfer of fluid
into the cavity. The fluid transferred to the cavity was assumed to be air with the behavior of an ideal gas.
The flow of air was specified as a prescribed mass flow rate history and also by defining a fluid exchange
between the inflator and the fluid cavity.
A specified air mass flow rate filled the internal volume equal to the nominal volume corresponding to the
nominal geometry of the inflatable structure, plus an additional volume 𝑉𝑚 resulting from the stretch of the
membrane produced by the internal pressure. The mass flow rate is linked to the other thermodynamic
variables by the ideal gas equation:
𝑃𝑉 = 𝑚𝑅𝑇

Eq. (2.21)

where 𝑃, 𝑉, 𝑚, 𝑇 and 𝑅 are the internal absolute pressure in the inflatable, the inflatable target internal
volume, the mass of the gas introduced by the inflator, the internal gas temperature and the universal gas
constant, respectively.
The inflator implemented in this work to fill the cavity follows the model proposed by Wang [16] and
implemented in Abaqus Explicit [27]. In this model, the rate of the air mass introduced into the control
volume is given by:
𝑑𝑚
= 𝑚̇
𝑑𝑡

Eq. (2.22)

Where, 𝑚̇ is the rate of air mass that flows from the inflator into the cavity. The thermodynamic properties
of the air that fills the cavity are determined starting from the conservation of energy. The inflation is
assumed to follow an adiabatic transformation in which the process occurs without transfer of heat or matter
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between the thermodynamic system and its surroundings [16, 30]. Under this condition, the change of heat
can be written as:
∆𝑄(𝑡) = 0

Eq. (2.23)

𝑑
(𝑚𝑐𝑣 𝑇) = 𝑐𝑝 𝑇𝑚̇
𝑑𝑡

Eq. (2.24)

Also, the conservation of energy is given by:

Where 𝑐𝑣 and 𝑐𝑝 are the specific heat of the gas at constant volume and pressure, respectively. Rewriting
Eq. (2.21), we get:
𝑇=

𝑃𝑉
𝑚𝑅

Eq. (2.25)

Substituting Eq. (2.25) on the left-hand side of equation Eq. (2.2) results:

𝑚̇ =
where 𝑅 = (𝑐𝑝 − 𝑐𝑣 ) and 𝑘 =

𝑐𝑝
𝑐𝑣

𝑃̇ 𝑉
𝑅𝑘𝑇

Eq. (2.26)

.

Since the inflator gas temperature has a very small influence on the final value of pressure, it is considered
constant and equal to the value of environment temperature [16]. This consideration makes the inflation
process a nearly isothermal process. An isothermal process usually happens when the process is relatively
slow, as in the inflation simulations developed in this work.
In Eq. (2.26), 𝑃̇ represents the variation over the time of absolute pressure. In order to estimate the absolute
pressure of a system 𝑃0 , the atmospheric pressure 𝑃𝑎 must be added to the gauge pressure 𝑃𝑔 (internal
pressure measurement):
𝑃0 = 𝑃𝑔 + 𝑃𝑎

Eq. (2.27)

Abaqus/Explicit requires the definition of the heat capacity at constant pressure to model an adiabatic
process [31]. The heat capacity at constant pressure was defined using a polynomial form based on the
Shomate equation:
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𝑐̃𝑝 = 𝑎̃ + 𝑏̃(𝜃 − 𝜃 𝑧 ) + 𝑐̃ (𝜃 − 𝜃 𝑧 )2 + 𝑑̃(𝜃 − 𝜃 𝑧 )3 +

𝑒̃
(𝜃 − 𝜃 𝑧 )2

Eq. (2.28)

Where, 𝑎̃, 𝑏̃, 𝑐̃ , 𝑑̃ and 𝑒̃ are gas constants and 𝜃 is the current temperature and 𝜃 𝑧 is absolute zero
temperature on the unit system adopted. The constant pressure heat capacity can be obtained by the
following relation:
𝑐𝑝 =

𝑐̃𝑝
𝑀𝑊

Where 𝑀𝑊 is the molecular weight of the gas.
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Eq. (2.29)

3 Chapter 3. Model Generation
3.1 Introduction
This chapter describes all the geometries and dimensions of all the parts modeled in this work including the
inflatable structure, the tunnel section, and the folding planes. This chapter also describes details regarding
the generation of FE models including material properties, mesh convergence analysis for the model
corresponding to the inflatable structure.

3.2 Nominal Geometries and Dimensions
The units adopted in this work correspond to the International System of Units (SI), more precisely the
MKS system of units in which distance are measured in meters (𝑚), mass in kilograms (𝑘𝑔) and time in
seconds (𝑠).
The two main components of the model are the inflatable structure and the tunnel segment. The Inflatable
structure modeled in this work consists of a cylinder with two spherical end caps. The radius of the cylinder
is 2.794 𝑚 and its length is 3.657 𝑚 and the radii of the spherical end caps are 3.658 𝑚 [7]. Figure 3.1
shows the overall shape and dimensions of the inflatable structure used in the analysis presented in the
following sections. Figure 3.2 shows the cross-section of the tunnel segment in which the folded inflatable
structure will be positioned and inflated.
As seen in Figure 3.2, the nominal diameter of the tunnel is 5.020 𝑚. The folded inflatable structure will
be attached and stored on the ceiling of the tunnel (segment AB). The maximum width of the folded
inflatable structure cannot exceed a width of 1.450 𝑚 in order to fit in the available room. According to the
dimensions of the inflatable structure shown in Figure 3.1 and the dimensions of the tunnel shown in Figure
3.2, the perimeter of the cylindrical part of the inflatable structure is 17.550 𝑚 and the perimeter of the
cross section of the tunnel is 5.810 𝑚. With these dimensions, the cylindrical perimeter of the inflatable is
11% larger than the perimeter of the tunnel. This increase of the perimeter of the inflatable is to account for
the possibility of bridging around the corners and the presence of other elements that could interfere with
the local conformity of the inflatable to the tunnel perimeter [7].
During the deflation and folding process, the inflatable structure will interact with a flat surface called
“base” which is representative of the floor where the folding procedures take place. Moreover, rigid folding
planes are also used to simulate the folding procedures implemented experimentally [7]. The base and the
folding planes are shown in Figure 3.3.
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Figure 3.1. Inflatable structure geometry and dimensions (dimensions in meters).

Figure 3.2. Tunnel cross-section dimensions (dimensions in meters).

Folding
Planes
Base

Figure 3.3. Base and folding planes.
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The base is represented by a square surface of 10 by 10 meters, and rectangles represent the folding planes.
In the preliminary stages of the model creation, the four folding planes had the same size (length of 10 𝑚
and width of 1.25 𝑚). Since the final configuration of the flat shape used during the folding process is
unknown, the dimensions of the planes will be then modified (by adjusting the nodal coordinates) during
the simulation process according to the folding sequence being modeled.

3.3 Generation of FE models
3.3.1 Inflatable Structure
The generation of the FE model of the inflatable structure was completed during the pre-processing in
which the geometry of the model, material properties, element type and other properties were defined. The
initial geometry of inflatable structure was created using three-dimensional deformable shell through
Abaqus/CAE. The shell surface was then partitioned in several auxiliary surfaces as shown in Figure 3.4.

Figure 3.4. Inflatable structure, FE initial geometry, and partitions generated using Abaqus/CAE.
The partitions on the cylindrical part of the inflatable structure were created in order to define folding
surfaces and folding lines that were very useful as reference lines at the different stages of the simulations.
Additional surface partitions were created on the spherical end caps in order to have a more uniform mesh.
The membrane of the inflatable structure is a single layer coated fabric with a thickness of 𝑡 = 0.00078 𝑚
and density of 𝜌 = 1346

𝐾𝑔
𝑚3

. The models built in this work implement the mechanical properties of Ferrari

Precontraint 1002 [32, 34]. The material is assumed to behave as an orthotropic fabric with tensile strengths
in the warp and fill directions. The fabric also includes shear strength adapted from the experimental results
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reported in [33]. The mechanical behavior under tensile loads of the material is shown in Figure 3.5(a) and
the mechanical behavior under shear loads is shown in Figure 3.5(b).

(a)

(b)
Figure 3.5. Constitutive model of fabric material: (a) Mechanical behavior under tensile load; (b)
Mechanical behavior under shear loads.

Although the actual fabric material does not have stiffness under compression, the stability and the
convergence of the FE models required the definition of an artificial compressive strength in order to
prevent excessive distortions or the collapse of membrane elements. The inclusion of a small compressive
strength is common in the simulation of automobile airbags [27]. For the models created in this work,
different compressive strengths in the range of 0.05% to 1% of the maximum tensile strength were assigned
to the constitutive model according to the type of simulation process being performed: deflation, folding
or inflation.
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3.3.2 Stress Evaluation and Mesh Convergence Study
The membrane of the inflatable was modeled using M3D3 membrane elements [27]. The properties of the
M3D3 element were described in Section 2.3.1. Three different mesh densities were generated to evaluate
the membrane stresses of the inflatable structure under unconfined pressurization conditions. The nominal
shape illustrated in Figure 3.4 is modeled with 27528, 48948 and 95902 elements and these meshes were
identified as Mesh A, Mesh B, and Mesh C, respectively. The inflatable structure was pressurized in an
unconfined condition using an internal pressure of 𝑃 = 6.89 ∙ 103 𝑃𝑎 (or 1 psi) which corresponds to the
value of the internal (or gauge) pressure measured during the experiments reported in [7] at the end of the
inflation process.
The circumferential or hoop stress (𝜎1 ) and the longitudinal stress (𝜎2 ) on the cylindrical portion and on the
spherical end caps were evaluated first analytically and then numerically in order to estimate the level
accuracy of the FE models with different mesh densities.
The analytical values corresponding to (𝜎1 ) and (𝜎2 ) for cylindrical and spherical end caps were evaluated
using classical equations for thin-walled structures under internal pressure as follows:
𝜎1𝐶𝑦𝑙𝑖𝑛𝑑𝑒𝑟 =

𝑃𝑅𝐶𝑦𝑙𝑖𝑛𝑑𝑒𝑟
= 24.75 ∙ 106 Pa
𝑡

Eq. (3.1)

𝜎2𝐶𝑦𝑙𝑖𝑛𝑑𝑒𝑟 =

𝑃𝑅𝐶𝑦𝑙𝑖𝑛𝑑𝑒𝑟
= 12.38 ∙ 106 Pa
2𝑡

Eq. (3.2)

𝜎1𝑐𝑎𝑝 = 𝜎2𝑐𝑎𝑝 = 𝜎 =

𝑃𝑅 𝑐𝑎𝑝
= 16.18 ∙ 106 Pa
2𝑡

Eq. (3.3)

where 𝑃 is the internal pressure equal to 6.89 ∙ 103 Pa, 𝑡 is the membrane thickness, 𝑅𝐶𝑦𝑙𝑖𝑛𝑑𝑒𝑟 is the radius
of the cylindrical region equal to 2.795 𝑚 and 𝑅𝑐𝑎𝑝 is the radius of the spherical end cap equal to 3.658 𝑚.
For the evaluation of the mesh convergence, the hoop stress (S11) in the cylindrical region was chosen as
a control parameter. The stress distribution contours in hoop directions related to the three mesh densities
are shown in Figure 3.6.
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Mesh A

Mesh B

Mesh C

Figure 3.6. Stress distribution contour for Mesh A, Mesh B, and Mesh C.
Four nodes around the middle cross section of the cylinder region were chosen to evaluate the average of
the hoop stresses as shown in Figure 3.6. Table 3.1 summarizes the FE results and compares them with the
analytical solution.
Table 3.1. Summary of mesh convergence study.
Element Size
[m]
Analytical value 𝜎1
Mesh A
Mesh B
Mesh C

Cylindrical Region
% Error
𝑆11[Pa]
6
24.75 ∙ 10
0.21
24.70 ∙ 106
6
0.29
24.68 ∙ 10
6
0.22
24.70 ∙ 10

0.07
0.06
0.05

Figure 3.7. Mesh convergence.
Table 3.1 and Figure 3.7 show that the difference between the values of the analytical solution and the
values of the FE simulations is negligible indicating that any of the proposed meshes would predict the
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stress with a reasonable accuracy. Although it is recognized that a more dense mesh is more expensive in
terms of computational time, the implementation of folding procedures will require a relatively refined
mesh in order minimize the volume of the final folded shape and the same time prevent inter-element
penetrations and intersections. For these reasons, Mesh C will be adopted in the remainder models described
in the following chapters.

3.3.3 Tunnel, Base, and Folding Plates
The FE model of the tunnel, base and folding planes were created via three-dimensional rigid shell surfaces
generated in Abaqus/CAE. Since these surfaces are considered non-deformable, they were meshed using
linear quadrilateral rigid elements R3D4. The properties of this type of element were described in Section
2.3.3.
The mesh of the tunnel segment is comprised of 4914 elements with a size of 0.20 𝑚. The mesh of the base
is formed by 400 elements with size of 0.5 𝑚, whereas the mesh of the folding planes is formed by 40
elements. The meshes of the tunnel, base and folding planes are shown in Figure 3.8.

Figure 3.8. Meshes of folding planes, base and tunnel segment.
After the creation of the different components of the FE model, all the nodes and elements of meshed
geometries were renumbered with HyperMesh [28] and prepared to be utilized with Abaqus Scripting in
order to make the simulation work more efficient. Furthermore, a reference mesh or (initial metric) of the
nominal shape of the inflatable structure was created using HyperMesh in which all the element numbers
and the coordinates of all the element’s nodes were specified. The purpose of the reference mesh was
detailed in Section 2.3.2.
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3.4 Summary
This chapter presented the geometric properties, materials, and meshes of all the parts implemented in this
work. The results of the mesh convergence study for the inflatable structure showed that even when a
relatively coarse mesh can predict the stresses with a small margin of error, a model with a more dense
mesh was selected to reproduce the folding procedures better and also minimize the volume of the final
folded shape and, at the same time, reduce the possible occurrence of inter-element penetrations and
intersections.
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4 Chapter 4. Deflation and Unconfined Inflation
4.1 Introduction
Starting from the nominal shape of the inflatable structure described in the previous chapter, two techniques
are introduced in this chapter: the uncontrolled deflation and controlled deflation. The details of these two
techniques are discussed highlighting the differences and the improvements in the final deflated shape. This
chapter also presents the properties of the inflator implemented in the simulation of an unconfined inflation
process. The unconfined inflation process is used to test the inflator definition and to verify if the target
values of volume and pressure are achieved. The chapter ends with a parametric study performed to assess
how the changes of different parameters influence the behavior of the membrane material as well the
computational time.

4.2 Deflation
The main purpose of the simulation of deflation was to reach the flattest possible shape with the minimum
amount of wrinkles on the flattened membrane in order to minimize the volume of the final folded shape.
Two approaches were adopted to achieve a flat shape: 1) by performing an uncontrolled deflation and, 2)
by performing a controlled deflation. In both approaches, an internal decreasing uniform pressure was
applied using the direct approach described in Section 2.6.1. The application of an internal uniform pressure
was essential in order to prevent the immediate collapse of the membrane due to the application of the
gravity load. The main difference between the two approaches was on the number of steps in which they
were performed and on the slope adopted for the ramp function used to simulate the decreasing of the
internal pressure.

4.2.1 Uncontrolled Deflation
In this approach, the simulation started with the nominal shape of the inflatable structure subjected to an
internal pressure equal to the gravity pressure to balance the external load due to the application of gravity.
The evaluation of the gravity pressure is shown in the following procedure:
𝑃𝑔𝑟𝑎𝑣𝑖𝑡𝑦 =

𝐹(𝑔𝑟𝑎𝑣𝑖𝑡𝑦)
𝑚(𝑖𝑛𝑓𝑙𝑎𝑡𝑎𝑏𝑙𝑒) 𝑔 𝜌𝑉(𝑖𝑛𝑓𝑙𝑎𝑡𝑎𝑏𝑙𝑒) 𝑔
=
=
𝑆(𝑖𝑛𝑓𝑙𝑎𝑡𝑎𝑏𝑙𝑒)
𝑆(𝑖𝑛𝑓𝑙𝑎𝑡𝑎𝑏𝑙𝑒)
𝑆(𝑖𝑛𝑓𝑙𝑎𝑡𝑎𝑏𝑙𝑒)

𝑉(𝑖𝑛𝑓𝑙𝑎𝑡𝑎𝑏𝑙𝑒) = 𝑉(𝑐𝑦𝑙𝑖𝑛𝑑𝑒𝑟) + 𝑉(𝑒𝑛𝑑 𝑐𝑎𝑝𝑠) = 0.0967 𝑚3
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Eq. (4.1)

Eq. (4.2)

𝑆(𝑖𝑛𝑓𝑙𝑎𝑡𝑎𝑏𝑙𝑒) = 𝑆(𝑐𝑦𝑙𝑖𝑛𝑑𝑒𝑟) + 𝑆(𝑒𝑛𝑑 𝑐𝑎𝑝𝑠) = 123.867 𝑚2
Where 𝜌 is the density of the fabric material equals to 1346
to 9.81

𝑚
.
𝑠𝑒𝑐 2

𝐾𝑔
𝑚3

Eq. (4.3)

and 𝑔 is the acceleration of gravity equals

The product (𝜌𝑉(𝑖𝑛𝑓𝑙𝑎𝑡𝑎𝑏𝑙𝑒) ) gives the total mass of the inflatable equals to 130 𝑘𝑔.

Substituting Eq. (4.2) and Eq. (4.3) into Eq. (4.1), we get:
𝑃𝑔𝑟𝑎𝑣𝑖𝑡𝑦 =

130×9.81
= 10.3 Pa
123.867

Eq. (4.4)

During the uncontrolled deflation, an internal pressure (𝑃𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙 ) equal to the gravity pressure ( 𝑃𝑔𝑟𝑎𝑣𝑖𝑡𝑦 )
was applied to the nominal shape of the inflatable while standing on the base. At the beginning of the
simulation (time step t = 0) the internal and external pressure (𝑃𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙 = 𝑃𝑔𝑟𝑎𝑣𝑖𝑡𝑦 ) were in equilibrium.
Then during the simulation, the amplitude of the internal pressure was reduced using a ramp function with
a slope of 0.01 Pa/sec. The unbalance between internal and external pressures produced the deflation of the
inflatable (𝑃𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙 < 𝑃𝑔𝑟𝑎𝑣𝑖𝑡𝑦 ) until it reached a relatively flat shape when the internal pressure was equal
to zero (𝑃𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙 = 0) at the end of simulation. The sequence of the uncontrolled deflation is illustrated in
Figure 4.1. Additional estimated parameters implemented in this technique included: a) a compressive
strength equal to 0.05% of the tensile strength; b) a mass scaling factor (MSF) of 10 was included to reduce
the simulation time; and, c) a mass proportional damping factor 𝛼 = 0.0 (no damping).

Figure 4.1. Sequence of uncontrolled deflation.
As seen from the sequence of images of Figure 4.1, although the internal pressure was able to prevent the
immediate collapse of the membrane at the beginning of the simulation, the reduction of the pressure was
so fast that it was not able to prevent the collapse of the membrane until the end of the simulation. The rapid
collapse of the membrane material would explain the relatively large wrinkles around the border of the flat
shape illustrated in Figure 4.1 (Final State).
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4.2.2 Controlled Deflation
The controlled deflation was created as an improvement of the previous technique. Since the development
of large wrinkles depends on how fast the internal pressure is reduced, the controlled deflation was
performed using a slope for the ramp function equal to 0.25% of the value used in the uncontrolled deflation.
Although the controlled deflation was performed in one step as done in the previous technique, the
simulation was stopped every 3 to 4 iterations in order to have a better control of the collapse of the
membrane. After each interruption, the coordinates of the resultant shape were exported first to
Abaqus/CAE and then to Hypermesh in order to inspect the mesh and detect if the membrane elements
were affected by inter-element penetrations and intersections, and in such case, correct them before
preceding the simulation once again. After each verification step, the controlled deflation with the corrected
mesh continued using the same initial conditions of pressure (𝑃𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙 = 𝑃𝑔𝑟𝑎𝑣𝑖𝑡𝑦 ) and continued with the
same decreasing ramp. This process was repeated nineteen times (19 steps), and each step was denominated
cleaning process. Each cleaning step contributed to remove all the larger and most of the smaller wrinkles
seen in the uncontrolled deflation. Using this approach, it was possible to achieve a better control of the
membrane material which allowed a better distribution of the membrane by eliminating major wrinkles,
located mainly around the border of the flattened shape. Additional node displacement were applied on the
bottom part of the inflatable structure in order to achieve a flatter shape in the region of the inflatable that
will be then attached to the ceiling of the tunnel. A series of images showing the sequence of the controlled
deflation is shown in Figure 4.2.

Figure 4.2. Sequence of controlled deflation.
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Since the membrane of the inflatable structure was very light due to the thickness and density of the fabric
material, and in order to reach a flatter shape, an additional load equal to 10 times the gravity load was
applied as a uniform load onto the shape as shown in Figure 4.2(f). The final shape after completion of the
controlled deflation and application of additional external load is shown in Figure 4.3.

Figure 4.3. Flat shape after controlled deflation and application of gravity load.

4.3 Inflator Design for Unconfined Inflation
In Abaqus/Explicit, the definition of an inflator requires the definition of a gas mass flow rate and a gas
temperature as a function of the inflation time. The gas used to fill the volume of the inflatable structure
was air. During the unconfined inflation, the temperature of the gas was kept constant and equal to the
ambient temperature. The properties of air needed for the definition of the inflator are summarized in Table
4.1 and Table 4.2:
Table 4.1. Thermodynamic properties of Air [35].
Thermodynamic properties of Air
Universal Gas Constant

8314.3

𝐽 ⁄ (𝑘𝑚𝑜𝑙 ∙ 𝐾)

Molecular Weight

28.97

𝑘𝑔⁄𝑘𝑚𝑜𝑙

Absolute Temperature

0.0

𝐾

Ambient Temperature at sea level

288.15

𝐾

Ambient Pressure at sea level

101315.0

𝑃𝑎

Density of Air

1.225

𝛾

1.4
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𝑘𝑔⁄𝑚3

Table 4.2. Coefficient of Shomate equation [31].
Coefficients of Shomate Equation
a

28110

𝐽⁄𝑘𝑚𝑜𝑙 ∙ 𝐾

b

1.967

𝐽⁄𝑘𝑚𝑜𝑙 ∙ 𝐾 2

c

0.004802

𝐽⁄𝑘𝑚𝑜𝑙 ∙ 𝐾 3

d

-0.000001966

𝐽⁄𝑘𝑚𝑜𝑙 ∙ 𝐾 4

e

0.0

𝐽𝐾 ⁄𝑘𝑚𝑜𝑙

The air mass flow rate for an unconfined inflation was designed to fill the total volume of the inflatable in
200 seconds. The total volume adopted for definition of the inflator included the nominal volume of the
inflatable plus an increment of volume due to the stretch of the membrane produced by the internal target
pressure of 𝑃 = 6,89 ∙ 103 𝑃𝑎 (or 1 psi) expected to be reached at the end of the inflation [7].

4.3.1 Evaluation Total Inflation Volume
From the nominal geometry shown in Figure 3.4, the nominal volume is 𝑉0 = 123.27 𝑚3. The problem
now is to evaluate how much the volume can expand due to an internal pressure 𝑃. The stresses 𝜎1 and 𝜎2
were evaluated on the cylindrical and spherical end caps using the classical equations for thin-walled
structures under internal pressure 𝑃 as shown in Eq.(3.1), Eq.(3.2) and Eq.(3.3). From the constitutive
model shown in Figure 3.5, it can be seen that the stresses calculated for a pressure 𝑃 were in the linear
range of the stress-strain relationship. Then, it is possible to use the following proportions to
evaluate 𝜀1𝐶𝑦𝑙𝑖𝑛𝑑𝑒𝑟 , 𝜀2𝐶𝑦𝑙𝑖𝑛𝑑𝑒𝑟 and 𝜀𝑐𝑎𝑝𝑠 :

𝜎𝑚𝑎𝑥𝑡𝑒𝑛𝑠𝑖𝑙𝑒 𝜎1𝐶𝑦𝑙𝑖𝑛𝑑𝑒𝑟
𝜀𝑚𝑎𝑥
=
⟹ 𝜀1𝐶𝑦𝑙𝑖𝑛𝑑𝑒𝑟 = 𝜎1𝐶𝑦𝑙𝑖𝑛𝑑𝑒𝑟
≅ 0.034
𝜀𝑚𝑎𝑥
𝜀1𝐶𝑦𝑙𝑖𝑛𝑑𝑒𝑟
𝜎𝑚𝑎𝑥𝑡𝑒𝑛𝑠𝑖𝑙𝑒

Eq. (4.5)

𝜎𝑚𝑎𝑥𝑡𝑒𝑛𝑠𝑖𝑙𝑒 𝜎2𝐶𝑦𝑙𝑖𝑛𝑑𝑒𝑟
𝜀𝑚𝑎𝑥
=
⟹ 𝜀2𝐶𝑦𝑙𝑖𝑛𝑑𝑒𝑟 = 𝜎2𝐶𝑦𝑙𝑖𝑛𝑑𝑒𝑟
≅ 0.017
𝜀𝑚𝑎𝑥
𝜀2𝐶𝑦𝑙𝑖𝑛𝑑𝑒𝑟
𝜎𝑚𝑎𝑥𝑡𝑒𝑛𝑠𝑖𝑙𝑒

Eq. (4.6)

𝜎𝑚𝑎𝑥𝑡𝑒𝑛𝑠𝑖𝑙𝑒 𝜎𝑐𝑎𝑝
𝜀𝑚𝑎𝑥
=
⟹ 𝜀𝑐𝑎𝑝 = 𝜎𝑐𝑎𝑝
≅ 0.022
𝜀𝑚𝑎𝑥
𝜀𝑐𝑎𝑝
𝜎𝑚𝑎𝑥𝑡𝑒𝑛𝑠𝑖𝑙𝑒

Eq. (4.7)
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These are the percentage increments of the length (𝜀2𝐶𝑦𝑙𝑖𝑛𝑑𝑒𝑟 ) of the cylinder, the radius of the cylinder
(𝜀1𝐶𝑦𝑙𝑖𝑛𝑑𝑒𝑟 ), and the radius of the spherical end cap (𝜀𝑐𝑎𝑝 ). Then, the final volume that accounts for stretching
of the membrane for the pressure 𝑃, was 𝑉1 = 133.22 𝑚3 .
On the other hand, an initial estimation of the mass flow rate can be obtained from:
𝑚̇ = 𝑉̇ 𝜌

Eq. (4.8)

Where, 𝑉̇ is the volume rate and 𝜌 is the density of air. Considering 𝑉1 and the total inflation time t =
200 𝑠𝑒𝑐, the volumetric rate is given by:
𝑉̇ =

133.23
𝑚3
= 0.666
200
𝑠𝑒𝑐

Eq. (4.9)

Substituting the numerical values into Eq. (4.8), the density of air indicated in Table 4.1, the air mass flow
rate is:
𝑚̇ = 0.666×1.225 = 0.816

𝑘𝑔
𝑠𝑒𝑐

Eq. (4.10)

Which is the initial air mass flow rate used for the unconfined inflation simulations described in the
following sections. This air mass flow rate was identified as an initial inflator.

4.4 Unconfined Inflation
The flat shape obtained at the end of the controlled deflation shown in Figure 4.2(f) was used as starting
point for simulation of unconfined inflation. The main purpose of the unconfined inflation was to verify
and calibrate the inflator defined in the previous section. A step function was implemented to simulate the
behavior of the air mass flow rate. The temperature was set equal to 288.15 𝐾 (15℃). In the unconfined
inflation simulation, the compressive strength of the fabric material was set to 0.5% of the tensile strength
and the mass scale factor was increased from 10 to 100 in order to decrease the computational time. The
mass proportional damping factor 𝛼 was set equal to 0.0 (no damping). In addition, the reference mesh was
used as an initial condition to restitute the membrane to the unstressed condition existing in the nominal
shape of the inflatable before the controlled deflation.
The time history of the air mass flow rate is illustrated in Figure 4.4(a). The internal (gauge)
pressure (𝑃𝑐𝑎𝑣𝑖𝑡𝑦 ), the internal volume (𝑉𝑐𝑎𝑣𝑖𝑡𝑦 ) and the internal temperature (𝑇𝑐𝑎𝑣𝑖𝑡𝑦 ) are illustrated in
Figure 4.4(b).
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(a)

(b)
Figure 4.4. (a) Air mass flow rate; (b) Time history of thermodynamic properties using the initial
inflator.
From Figure 4.4(b) it can be seen that the initially estimated air mass flow rate shown in Figure 4.4 (a) is
not enough to reach the target values of pressure and volume. At the end of simulation, the values of gauge
pressure and internal volume were 4.180.4 𝑃𝑎 and 131.038 𝑚3, respectively. During the pressurization
stage shown in Figure 4.4(b), the internal volume tends to a constant value while the gauge pressure
increases. It is speculated that the reason for which the initial air mass flow rate was not able to reach the
target values of pressure and volume, was because of the initial vacuum effect seen at the beginning of the
inflation. One possible way to avoid this problem would be to extend the duration of the inflator to recover
the delay produced by the vacuum effect. A second possible way would be to increase the magnitude of the
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air mass flow rate. Considering the total time specified for inflation and pressurization is fixed, it was
decided to keep the duration of the inflator constant (200 seconds) and to increase the amplitude of the air
mass flow rate. A few additional iterations were needed to adjust the amplitude of the air mass flow rate
that was able to reach the final target values of gauge pressure and internal volume. The final adjusted
𝐾𝑔

magnitude of the air mass flow rate was 0.855 𝑠𝑒𝑐 which is 4.8% bigger than the mass flow rate obtained
using Eq. (4.10). Using this adjusted value of the air mass flow rate, the resultant gauge pressure (𝑃𝑐𝑎𝑣𝑖𝑡𝑦 ),
internal temperature (𝑇𝑐𝑎𝑣𝑖𝑡𝑦 ) and internal volume (𝑉𝑐𝑎𝑣𝑖𝑡𝑦 ) are shown in Figure 4.5.

Figure 4.5. Time history of thermodynamic properties using the adjusted inflator.

4.5

Parametric Studies for Unconfined Inflation

The unconfined inflation that implements the adjusted inflator described in Section 4.4 was used for
assessing the impact of changes in parameters in the model, and also to improve the simulation in terms of
computational time and behavior of the membrane material. The parameters evaluated included the mass
scale factor (MSF), the mass proportional damping factor 𝛼 and ambient temperature 𝑇𝑎 .

4.5.1 Parametric Study on Mass Scale Factor
Four different values of mass scale factor were analyzed: 1, 10, 100, and 1000. From the formulation of the
explicit method described in Section 2.2, the implementation of the mass scale factor produces a decrease
of the computational time and at the same time an increase of inertial effects. The main purpose of this
parametric study was to determine a value for the mass scale factor that was big enough to reduce the
computational time of the simulations considerably but at the same time, not too big to induce high inertial
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effects not really present in the behavior of the actual structure being simulated. One of the parameters that
are also influenced by the increase of the MSF is the mass proportional damping factor 𝛼. For this reason,
during this parametric study 𝛼 was set equal to 0.0 to avoid interference from each other.
The first indicator used to evaluate the influence of the MSF was the total computational time required to
complete the simulation of the unconfined inflation. The evaluation was performed using the same
computer utilizing a single processor (Intel i7-4810MQ @ 2.8 GHz) for each value of the MSF. Each case
was run separately to avoid interference during the computation of the solution. The computational times
corresponding to each MSF are plotted in Figure 4.6. Results illustrated in Figure 4.6 show that the
simulation with an MSF = 1 took about 339 hours (about 14 days), which is an unreasonably long time and
therefore not considered for further analyses. On the other hand, an increase of MSF from 10 to 1000
reduced the computational time from about 74 hours to 14 hours. However, the reduction of computational
time achieved with increasing MSF’s produced additional inertial effects described next.

Figure 4.6. Mass Scale factor (MSF) vs. Computational Time.

The kinetic energy was used as a second indicator of the influence of the MSF. The purpose of this
evaluation was to find an acceptable value to adopt for the mass scale factor for decreasing the
computational time but at the same time minimizing the influence of inertial forces on the behavior of the
inflatable structure.
According to the kinetic energy theorem [36], considering a system of points of mass 𝑃𝑠 (𝑚𝑠 ) and 𝑂𝑥𝑦𝑧 as
its reference system, for a generic point of mass 𝑃𝑠 (𝑚𝑠 ), it is possible to write the D’Alambert ‘s Principle:
𝑛
(𝑒)
̅ − 𝑚𝑠 𝑎̅𝑠 = 0
𝑅̅𝑠 + ∑ 𝑓𝑠𝑟
1
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𝑤𝑖𝑡ℎ 𝑟 ≠ 𝑠

Eq. (4.11)

(𝑒)
̅ is the internal force that 𝑃𝑟 acts on 𝑃𝑠 = −𝑓𝑠𝑟̅ ; 𝑎̅𝑠 is
where: 𝑅̅𝑠 is the total external force acting on 𝑃𝑠 ; 𝑓𝑠𝑟

the 𝑃𝑠 acceleration and −𝑚𝑠 𝑎̅𝑠 is the inertial force of 𝑚𝑠 . If the system is in motion and 𝑑𝑃𝑠 is its
infinitesimal displacement, the dot product is given by:
𝑛
(𝑒)
(𝑅̅𝑠

̅ − 𝑚𝑠 𝑎̅𝑠 )×𝑑𝑃𝑠 = 0
+ ∑ 𝑓𝑠𝑟

Eq. (4.12)

1

So:
𝑛
(𝑒)
̅ ×𝑑𝑃𝑠 ) − (𝑚𝑠 𝑎̅𝑠 ×𝑑𝑃𝑠 ) = 0
𝑅̅𝑠 ×𝑑𝑃𝑠 + (∑ 𝑓𝑠𝑟

Eq. (4.13)

1

The dot products of the three terms of Eq. (4.13) represent the work of external forces, the work of internal
forces and the work of inertial force, respectively. If 𝑥,̈ 𝑦̈ , 𝑧̈ are the components of the acceleration 𝑎̅𝑠 , the
infinitesimal work of the inertial force −𝑚𝑠 𝑎̅𝑠 can be written as:
−𝑚𝑠 𝑎̅𝑠 ×𝑑𝑃𝑠 = −𝑚𝑠 𝑎̅𝑠 ×

𝑑𝑃𝑠
1
𝑑
𝑑𝑡 = −𝑚𝑠 (𝑥̈ 𝑥̇ + 𝑦̈ 𝑦̇ + 𝑧̈ 𝑧̇)𝑑𝑡 = − 𝑚𝑠 (𝑥̇ 2 + 𝑦̇ 2 + 𝑧̇ 2 )𝑑𝑡
𝑑𝑡
2
𝑑𝑡

Eq. (4.14)

since the mass is assumed to remain constant (𝑚𝑠 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡), then
1
−𝑚𝑠 𝑎̅𝑠 ×𝑑𝑃𝑠 = −𝑑 ( 𝑚𝑠 𝑣𝑠 2 ) = −𝑑𝐸𝑠
2

Eq. (4.15)

where −𝑑𝐸𝑠 is the change in kinetic energy.
Eq. (4.15) states that the work of inertia force is equal to the change in kinetic energy of the mass (𝑚𝑠 )
taken with opposite sign. Taking into account Eq. (4.13) the theorem of kinetic energy can be written using
the following formulation:
𝑑𝐿(𝑒) + 𝑑𝐿(𝑖) = 𝑑𝐸

Eq. (4.16)

In the Eq. (4.16), the work (𝑑𝐿) done by the sum of all forces (external and internal) acting on a system of
points of mass in a time interval 𝑑𝑡, is equal to the change in the kinetic energy 𝑑𝐸 of the system in the
same time interval.
Considering Equations (4.11) to (4.16), it is possible to assert that since the increase of the mass scale factor
produces an increase of inertia effects, this increase produces an increase of the change in the kinetic energy
as shown in Figure 4.7, particularly at the end of the inflation process. The mass scale factor artificially is
increasing the magnitude of displacements, velocities, and accelerations, as described in Section 2.2, which
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in turn, produces an increase of the forces applied on the model, external and internal as well as the inertial
forces.

Figure 4.7. Time history of kinetic energy for different values of MSF.

Figure 4.8. Time history of acceleration for different values of MSF.

Figure 4.7 shows that for an MSF = 10, the amplitude of the kinetic energy is close to zero for the entire
duration of the inflation process, while for an MSF = 100, the amplitude of the kinetic energy is close to
zero, but it is also possible to see small oscillations at the end of the simulation (boxed area in the time
interval 170 to 210 seconds). For an MSF=1000, the kinetic energy is characterized by a remarkable
increase of the amplitude with large oscillations at the end of the simulation as seen in the boxed area in the
time interval 170 to 210 seconds.
Figure 4.8 illustrates the time history of the acceleration of a reference node located at the tip of the spherical
end cap for different values of the mass scale factor. Looking at the magnitude of the acceleration, it can be
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seen that it decreases as the value of the mass scale factor increases. Also from Figure 4.8, it is possible to
see that for almost the entire duration of the simulation the magnitude of the accelerations is close to zero.
However, it is possible to notice oscillations at the end of the simulation (boxed area time interval 170 to
210 seconds) in which the amplitude of the oscillations decreased with increasing values of MSF. In the
models, the effect of the increasing values of MSF is reflected in a bouncing of the inflatable structure in
the last part of the inflation process, specifically during the pressurization. These results suggest that an
increase of the MSF produces an effect similar to a damping effect. This effect can be explained physically;
since the inertial forces act as a resistance on the motion of the inflatable, for an increasing MSF, the effect
of inertial forces increase and cause a decrease in the magnitude of the acceleration of the nodes.
The stresses in the inflatable were used as a third indicator of the influence of the MSF on the models. Since
the stresses distribution in the cylinder and on the spherical end caps are approximately uniform, the stresses
were evaluated taking into account one node on the middle cross section of the cylindrical portion and one
node located on the tip of the spherical portion of the inflatable structure. The time histories of the stresses
𝑆11 and 𝑆22 on the cylindrical portion during the unconfined inflation are shown in Figure 4.9 and Figure
4.10, whereas the time histories of the stresses 𝑆11 = 𝑆22 on the spherical portion are shown in Figure 4.11.
From the plots it can be seen that for different values of the mass scale factor the magnitude of the stresses
are nearly identical as illustrated by the overlapping of the time histories. Table 4.3 summarizes the values
of the stresses for different MSF captured at end of the pressurization (t = 200 sec). From the stress analysis
we can conclude that the MSF doesn’t have impact on the stresses in the membrane material.

Table 4.3. Maximum values of the stresses in select nodes for changing MSFs.
Cylinder
Mass Scale Factor

End cap

11 [Pa]

22 [Pa]

11 = 22 [Pa]

MSF = 10

2.46∙ 107

1.50∙ 107

1.54∙ 107

MSF = 100

2.47∙ 107

1.49∙ 107

1.53∙ 107

MSF = 1000

2.46∙ 107

1.51∙ 107

1.54∙ 107

Average

2.46∙ 107

1.50∙ 107

1.54∙ 107
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Figure 4.9. Time history of 𝑺𝟏𝟏 on the cylindrical portion at different values of MSF.

Figure 4.10. Time history of 𝑺𝟐𝟐 on the cylindrical portion at different values of MSF.

Figure 4.11. Time history of 𝑺𝟏𝟏 = 𝑺𝟐𝟐 on the tip of spherical portion at different values of MSF.

39

The results obtained from the parametric study on the influence of the MSF suggest that an MSF equal to
100 can be an acceptable value to use in the subsequent models since it is high enough to reduce the
computational time to a reasonable value as shown in Figure 4.6, but at the same time it is not too high to
change the behavior of the inflatable once it is fully inflated and pressurized at the target value, as shown
in Figure 4.7.

4.5.2 Parametric Study on Influence of Mass Proportional Damping Factor 𝜶
The inclusion of different values of the mass proportional damping factor 𝛼 was investigated. Eight
different values of 𝛼 (0.0, 0.2, 0.4, 0.6, 0.8, and 1.0) were analyzed maintaining the stiffness proportional
factor 𝛽 constant and equal to 1∙ 10−6 for all the simulations implemented in this work. During the
simulation of unconfined inflation for the different values of 𝛼, the mass scale factor was set to 100. In
order to understand the impact of increasing values of 𝛼, the kinetic energy was used as control output.
Results shown in Figure 4.12 indicate that the amplitude and the frequency of oscillations of the KE
decrease when 𝛼 increases. This behavior can be explained mathematically taking into account the
Rayleigh damping formulation Eq. (2.11) in Section 2.4.1. Increasing the value of 𝛼 and keeping constant 𝛽,
the Rayleigh damping increases producing a decay in amplitude and in the frequency of oscillations of the
KE. Not including damping in the models produces local oscillations of the membrane that can be observed
on the oscillations of the KE. On the other hand, for values of 𝛼 in the range of 0.6 to 1.0, the damping
effect is significant and, there are practically no local or major global oscillations of the membrane. This
behavior is similar as if the membrane is being inflated in an increasingly viscous surrounding media. This
behavior doesn’t seem to be realistic and therefore maintaining 𝛼 in the range between 0.2 and 0.4 seems
to reproduce a more representative behavior of the membrane.

Figure 4.12. Time history of kinetic energy changing 𝜶.
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4.5.3 Influence of Ambient Temperature 𝑻𝒂 during Unconfined Inflation
Six different values of ambient temperature 𝑇𝑎 (0𝑜 𝐶, 10𝑜 𝐶, 15𝑜 𝐶, 20𝑜 𝐶, 30𝑜 𝐶, 40𝑜 𝐶) were analyzed for
an unconfined inflation. For these evaluations, the MSF was set to 100 and 𝛼 was set to 0.0. The Clapeyron
plane [37] was used to represent the evolution of gauge pressure and volume for different temperatures.
The state of the gas is represented by:
𝑃𝑉 = 𝛾𝑅𝑇

Eq. (4.17)

which represents one point on the Clapeyron plane. Changing one of the three parameters of the gas (𝑃, 𝑉, 𝑇)
changes the position of the point. If the temperature is kept constant (isothermal transformation), we have
that 𝑃𝑉 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡, then, the isothermal on the Clapeyron plane is a hyperbole. If the transformation is
adiabatic, we have that 𝑃𝑉 𝛾 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡. In this case, the behavior of an adiabatic transformation is a
hyperbole with a slope higher than the slope of an isothermal transformation. The isothermal and adiabatic
behaviors are plotted in Figure 4.13 keeping the temperature constant to the target value of 15℃. As
expected, Figure 4.13 shows an increase of slope from an isothermal to an adiabatic transformation. Figure
4.14 shows the behavior of an isothermal transformation on the Clapeyron plane at different temperatures.
As expected, the isothermals shift to the right of the plot as the temperature 𝑇𝑎 increases.
On the other hand, as shown in Figure 4.15 and Figure 4.16, increasing the ambient temperature 𝑇𝑎 , the
magnitude of the gauge pressure (𝑃𝑐𝑎𝑣𝑖𝑡𝑦 ) and the internal volume (𝑉𝑐𝑎𝑣𝑖𝑡𝑦 ) of the inflatable increased
significantly. For example, an increase of ambient temperature from 𝑇𝑎 = 15℃ to 𝑇𝑎 = 40℃, produced
an increase of the target pressure 𝑃 and target volume 𝑉1 of 72% and 4.9%, respectively. From these results
it is possible to make an important observation: considering that the adjusted inflator was evaluated using
an ambient temperature of 𝑇𝑎 = 15℃, results indicate that an increase of ambient temperature accelerates
the increase of pressure and also exceeds the target values of 𝑃and 𝑉1, as shown in Figure 4.15. In order to
avoid this effect, and according to Eq.(4.17), the inflation system would need to be adjusted to decrease the
air mass flow rate as the ambient temperature increases to avoid excessive pressurization of the inflatable
that would produce excessive stretching of the membrane and ultimately lead to material failure.
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Figure 4.13. Adiabatic and isothermal transformation on the Clapeyron plane at 𝑻𝒂 = 𝟏𝟓°𝑪.

Figure 4.14. Isothermal transformations on the Clapeyron plane for increasing 𝑻𝒂 .

Figure 4.15. Time history of gauge pressure (𝑷𝒄𝒂𝒗𝒊𝒕𝒚 ) changing 𝑻𝒂 .
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Figure 4.16. Time history of (𝑽𝒄𝒂𝒗𝒊𝒕𝒚 ) changing 𝑻𝒂 .

4.6 Summary
Two techniques for controlling the deflation of the nominal shape of the inflatable structure were presented
in this chapter; the uncontrolled deflation and the controlled deflation. Although the controlled deflation
required more iterations compared to the uncontrolled deflation, its implementation produced a remarkable
improvement in the resultant flat shape in terms of the size and distribution of wrinkles.
The simulation of unconfined inflation was introduced in this chapter as well. The simulation of the inflation
required the definition of an inflator system. The gas used for this inflator and its thermodynamic properties
were presented. An initial estimation of the air mass flow rate needed to fill the internal volume of the
inflatable structure was conducted, and it was identified as an initial inflator. The nominal internal volume
was adjusted to account the stretch of the membrane under the effect of internal pressure.
The flat shape obtained at the end of the controlled deflation was used to perform the unconfined inflation
and to test the initial inflator. Since the initial inflator was not enough to achieve the target values of pressure
and volume, additional iterations were needed to find the value of mass flow rate able to reach the target
values, and it was identified as the adjusted inflator. Using the adjusted inflator, the unconfined inflation
was used as a tool to assess the impact of changes in parameters such as mass scale factor (MSF), the mass
proportional damping factor (𝛼) and ambient temperature (𝑇𝑎 ).
Four different values of MSF (1, 10, 100, and 1000) were analyzed. Since using an MSF=1 the simulation
took approximately 14 days to complete, that case was not considered for the analyses. The results obtained
in the parametric study of the MSF showed that increasing MSF’s did not have an impact on the stresses
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on the membrane material. The parametric study indicated that an MSF equal to 100 was an acceptable
value to use in the models since it was high enough to reduce the computational time but at the same time
not too high to change the behavior of the inflatable once it was completely inflated and pressurized.
The influence of different values of mass proportional damping factor 𝛼 (0.0, 0.2, 0.4, 0.6, 0.8, and 1.0)
were analyzed. For these evaluations, the mass scale factor was set to 100. The kinetic energy was used as
control output in order to understand the impact of increasing values of 𝛼 could have on the behavior of the
unconfined inflation. Results showed that the amplitude and the frequency of oscillations at KE decreased
when 𝛼 increased. If the mass proportional damping 𝛼 was not included in the model, the KE was
characterized by an increase of the amplitude with large oscillations at the end of the pressurization. Values
of 𝛼 in the range of 0.6 to 1.0, practically eliminated local and major global oscillations whereas maintaining
𝛼 in the range between 0.2 and 0.4 produced a more realistic behavior of the membrane.
A parametric study was also conducted to understand the impact of a change in the ambient temperature
𝑇𝑎 could have on the simulation of unconfined inflation. Six different values of ambient temperature 𝑇𝑎
(0𝑜 𝐶, 10𝑜 𝐶, 15𝑜 𝐶, 20𝑜 𝐶, 30𝑜 𝐶, 40𝑜 𝐶) were analyzed. During the simulation the mass scale factor was
set equal to 100 and 𝛼 equal to 0.0. Results indicated that the gauge pressure and internal volume of
inflatable structure, increased significantly as the value of 𝑇𝑎 increased.
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5 Chapter 5. Confined Inflation – Uncontrolled Membrane Release
5.1 Introduction
Starting from the flattened shape of the inflatable structure obtained at the end of the controlled deflation
technique, this chapter describes the procedure adopted for folding the flattened membrane. The maneuvers
needed for positioning of the folded shape in the storage area on the ceiling of the tunnel are described as
well. The chapter also presents an initial estimation of the air mass flow rate for the inflator implemented
in the simulation of confined inflation. The simulation of confined inflation is performed to understand the
behavior of the membrane during the inflation inside of the tunnel segment and to verify that target values
of pressure and volume are reached. This chapter ends with a parametric study on the influence of stiffness
of the membrane material on the global behavior of the inflatable during the initial deployment and
inflation.

5.2 Folding Process
The folding sequence presented in this section included the definition of two rotating planes (FP1, FP2) and
two translational planes (FP3, FP4) as shown in the top left view of Figure 5.1.

Figure 5.1. Folding sequence, main folding steps, top view (folding planes removed for clarity).
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The dimensions of the planes were adjusted according to the dimensions of the completely deflated shape
obtained at the end of the controlled deflation as shown in Figure 4.3 (after application of gravity). The
folding sequence illustrated in Figure 5.1 was completed in thirteen simulation steps in order to achieve the
final folded shape. The position of the folding planes was selected in order to perform a symmetric folding
sequence. In Figure 5.1, the colors of the folds correspond to the colors of the folding planes that were used
to perform a specific folding step. All the steps of the folding sequence were performed using an MSF =
100, a mass proportional damping factor 𝛼 = 0.0 and a contact penalty factor CPF = 30.
The sequence of steps performed to reach the folded shape illustrated in Figure 5.2 included:
1) In the first simulation step shown in Figure 5.2(a), the inflatable structure was initially flattened by the
action of gravity applied to all membrane elements along the Z-axis. After this initial step gravity was
active for the total duration of the folding process. Contact interactions and friction were defined
between the membrane of the inflatable and the base (𝜇 = 0.50), between the membrane of the
inflatable and the folding planes (𝜇 = 0.50) and between the membrane of the inflatable and itself (𝜇 =
0.50). The contact interactions between folding planes and the inflatable were activated and deactivated
during the different folding steps. No contact interactions were assigned between the rigid bodies (base
and folding planes). The folding sequence started by imposing translational and rotational boundary
conditions to the reference nodes of the folding planes that acted as rigid bodies.
2) In the second simulation step shown in Figure 5.2 (b), the reference node of the folding plane FP1 was
set to translate vertically along the Z-axis (𝑈3 = 0.20 𝑚). This vertical translation along the Z-axis is
part of the first step of the first fold.
3) In the third simulation step shown in Figure 5.2 (c), the reference node of the folding plane FP1 was
set to translate horizontally along the X axis ( 𝑈1 = 0.20 𝑚). This horizontal translation along the Xaxis is part of the second step of the first fold.
4) In the fourth simulation step shown in Figure 5.2 (d), the reference node of the folding plane FP1 was
set to rotate around the Y-axis ( 𝑈5 = 90° ). At the end of this step the first fold was completed.
5) From the fifth to the seventh simulation step, the second fold was performed by the folding plane FP2
which followed the same steps of FP1, but its horizontal translation and rotation were performed in
opposite directions in order to achieve the second fold symmetric to the previous one, and it is shown
in Figures 5.2 (e) and Figure 5.2 (f).
6) In the eighth simulation step shown in Figure 5.2 (g), the reference node of the folding plane FP3 was
set to translate vertically along the Z-axis (𝑈3 = 0.25𝑚 ). This vertical translation was the first step of
the third fold.

46

7) In the ninth simulation step shown in Figure 5.2 (h), the reference node of the folding plane FP3 was
set to translate horizontally along the X axis ( 𝑈1 = 1.8 𝑚). This horizontal translation was the second
step of the third fold.
8) In the tenth simulation step shown in Figure 5.2 (i), the contact interaction between the folding plane
FP3 and the membrane of the inflatable structure was removed in order to complete the third fold.
9) The fourth fold was performed by the folding plane FP4 which followed the same steps of the folding
plane FP3, but in the opposite direction in order to achieve the fourth fold symmetric to the previous
one and it is shown in Figure 5.2 (j) and Figure 5.2 (k).
10) At the end of the folding process, the final folded shape shown in Figure 5.2 (k) was exported to
Abaqus/CAE and to Hypermesh to inspect the mesh and detect if the membrane elements were affected
by inter-element penetrations and intersections, and in such case, correct them before proceeding to
perform the placement of the folded shape in the storage area on the ceiling of the tunnel.

Figure 5.2. Folding sequence, main folding steps (lateral view).
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5.3 Placement Process
The folded shape obtained at the end of the folding sequence described in the previous section was used to
perform the placement inside the tunnel segment illustrated in Figure 5.3. At the beginning of the placement
process, the folded shape was pre-positioned at the center of the tunnel, as illustrated in Figure 5.3(a) and
it was defined as a rigid body. The placement process was performed in two simulation steps by imposing
rotational and translational boundary conditions to the reference node of the folded shape.
During the first step of the simulation, the reference node of the folded shape was set to rotate around the
Y-axis ( 𝑈5 = 180° ) in order to turn the folded shape around so that the flatter shape can be used for
attachment to the ceiling of the tunnel, as shown in Figure 5.3(c). During the second step of the simulation,
the reference node was set to translate vertically along the Z axis (𝑈3 = 2.41 𝑚) in order to complete the
positioning onto the ceiling of the tunnel as shown in Figure 5.3(e). Figures 5.3(b) and 5.3(d) show
additional intermediate steps for better illustration of the placement procedure.

Figure 5.3. Placement process.

5.4 Inflator Design for Confined Inflation
The procedure explained in Section 4.3 was used for the design of the inflator for confined inflation. The
initial estimation of the internal volume adopted for the confined inflation included two main parts: a) a
cylindrical portion evaluated taking into account the volume of a segment of the tunnel with a circular crosssection with a radius of 2.51 𝑚 and a length equal to the same length of the nominal cylindrical portion of
the inflatable and equal to 3.66 𝑚; b) the nominal volume of the spherical end caps plus an increment of
the volume due to the stretch of the membrane due to pressurization.
The volume of the cylindrical portion of the inflatable in the tunnel is given by:
𝑉𝑇 = 𝜋 ∙ (2.51)2 ∙ (3.66) = 72.44 𝑚3
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Eq. (5.1)

The volume of the spherical end caps is:
𝑉𝑇𝑜𝑡𝑎𝑙(𝑒𝑛𝑑−𝑐𝑎𝑝𝑠) = 𝑉(𝑒𝑛𝑑−𝑐𝑎𝑝𝑠) + ∆𝑉(𝑒𝑛𝑑−𝑐𝑎𝑝𝑠) = 35.74 𝑚3

Eq. (5.2)

Where ∆𝑉(𝑒𝑛𝑑−𝑐𝑎𝑝𝑠) is the increment of the volume due to the stretching of the membrane during
pressurization discussed in Section 4.3.1. Then, the final estimated internal volume of the inflatable under
confined conditions is given by:
𝑉(𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙 𝑣𝑜𝑙𝑢𝑚𝑒) = 𝑉𝑇 + 𝑉𝑇𝑜𝑡𝑎𝑙(𝑒𝑛𝑑−𝑐𝑎𝑝𝑠) = 108.2 𝑚3

Eq. (5.3)

Substituting the value of the internal volume obtained using Eq. (5.3) into Eq. (4.8), the air mass flow rate
for confined inflation was estimated to be 0.66

𝑘𝑔
.
𝑠𝑒𝑐

This air mass flow rate is identified as initial inflator for

confined inflation.

5.5 Initial Deployment and Confined Inflation
The sequence of deployment and inflation started with the folded shape positioned in the storage area on
the ceiling of the tunnel as described in Section 5.3 and shown in Figure 5.3(e). The tunnel was assumed to
be a rigid body fixed in the X, Y, and Z global directions. The simulation of the initial deployment followed
by the inflation was performed in one step in which gravity and the inflator system were activated
sequentially. Gravity was applied as an impulse at the beginning of the simulation, and the inflator was
activated with 2 seconds of delay in order to reproduce experimental results reported in [7]. During the
deployment, it was necessary to call the reference mesh so that it was able to restitute the membrane to the
unstressed condition existing before the controlled deflation and the folding process. The folded shape was
connected to the ceiling of the tunnel using three lines of nodes defined along the cylindrical portion as
shown in Figure 5.4. During the deployment, the nodes of attachment lines were not allowed to translate
but were allowed to rotate. These nodes represented the ties that fastened and restrained the inflatable
structure to the ceiling of the tunnel.
The confined inflation was performed using an MSF of 100, a mass proportional damping factor 𝛼 = 0.2
and a CPF of 10. Contact interactions and contact properties as friction were defined between the membrane
of the inflatable and the tunnel (𝜇 = 0.40) and between the membrane of the inflatable and itself (𝜇 =
0.20). The entire initial deployment and inflation sequence was set to take place in 200 seconds plus 5
additional seconds for inflation deactivation and pressure stabilization. The initial inflator, with an air mass
𝑘𝑔

flow rate of 0.66 𝑠𝑒𝑐 , was implemented for an initial evaluation of confined inflation.
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Figure 5.4. Detail of attached lines in the ceiling of the tunnel.

A sequence of images showing the initial deployment from the ceiling of the tunnel and subsequent inflation
is illustrated in Figure 5.5. These images include simulation results compared to experimental results
reported in [7]. The simulation started with the folded inflatable on the ceiling of the tunnel as shown
Figure 5.5(a). The initial unfolding and fall of the inflatable structure from the ceiling of the tunnel were
induced by the self-weight of the membrane during the first two seconds, as illustrated in Figure 5.5(b).
Then, the activation of the inflator contributed to continuing the unfolding process until the membrane of
the inflatable structure reached the floor of the tunnel. The inflator continued adding air mass for 200
seconds producing expansion of the membrane (Figures 5.5(c) to 5.5(e)) until the inflatable structure was
fully inflated within the tunnel segment, as illustrated in Figure 5.5(f).

Figure 5.5. Results of FE Model compared to full-scale experiments reported in [7].
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Although the sequence of images of Figure 5.5 followed the sequence seen in the experimental test, the
behavior of the membrane material in the simulation did not totally reflect the behavior observed in the
experiments. From the sequence shown in Figure 5.5, the membrane seems to have less flexibility than the
flexibility observed in the actual experimental prototype. This behavior is attributed to the artificial
compressive strength adopted in the definition of the membrane material. In the model of Figure 5.5, the
compressive strength was 0.5% of the maximum tensile strength for a strain 𝜀 = 0.014. A parametric
evaluation of the influence of the compressive strength was carried out and the results are described in
Section 5.5.6.
Considering the global conformity of the inflatable to the tunnel, the inflated shape at the end of the
simulation was similar to shape observed in the experiments. However, considering the local conformity,
the simulation showed that the inflatable was not able to conform to at least two corners of the tunnel
profile, as shown in Figure 5.5(f). A detailed view of the lack of local conformity is illustrated in Figure
5.6(b), which shows two clear contact gaps on the right corners of the tunnel profile. The formation of the
gaps is attributed to the lack of uniform distribution of the membrane material which is accumulated on
tunnel floor and was not able to be transferred to the lateral portions of the tunnel by the action of the
inflation pressure, as shown in Figure 5.6(a).
A possible way to improve the membrane distribution in the simulations is to produce a gradual release of
membrane material during the inflation process as carried out in the experiments [7-14]. In order to produce
a gradual release of the membrane, a better control of the membrane was implemented during the deflation
by introducing pre-folds held by passive restrainers, as explained in Chapter 6.

Figure 5.6. FE Model: (a) Detail of wrinkles on the tunnel floor; (b) Detail view of local conformity.
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The performance of the initial inflator during the confined inflation is shown in Figure 5.7. Results indicate
that the initial inflator produced at the end of the inflation values of the gauge pressure and internal volume
close to the target values. The gauge pressure reached a value of 6.60 ∙ 103 𝑃𝑎 which is 4.3% lower than
the target value of 6.89 ∙ 103 𝑃𝑎. The internal volume reached a value of 103 𝑚3, which is 4.6% lower than
the value estimated in Eq. (5.3).

Figure 5.7. Time history of gauge pressure and internal volume for an air mass flow rate of 0.66
kg/sec.

5.5.1 Influence of Stiffness of the Membrane during Unconfined Inflation
A parametric study was conducted changing the value of the artificial compressive strength included in the
definition of the constitutive model of the fabric material. For the different values of the compressive
strength, the deformation was kept constant at a value of 𝜀 = −0.014, which is in the same order of
magnitude of the deformation in tension for the target pressure. Six values of compressive strength were
evaluated. Values ranged between 10,000 Pa to 500,000 Pa which are the range of 0.01% to 0.5% of the
membrane tensile strength. The ratio between the compressive strength and the deformation produced a
change in the stiffness of the membrane. The objective of trying different ratios was to reproduce a
membrane behavior in the simulations that was a closer representation of what was observed in the
experiments. In order to quantify the influence on the membrane flexibility produced by decreasing values
of the artificial stiffness in compression, the strain energy (SE) was used as output for evaluation of the
simulation results. Figure 5.8 compiles the strain energies computed for different values of the artificial
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compressive strength. Results summarized in Figure 5.8 show that the SE developed during the initial fall
and unfold of the membrane (from t = 0 sec to t = 10 sec) decreased as the compressive strength decreased,
meaning that the membrane material can deform more easily for lower levels of stresses.

Figure 5.8. Time history of strain energy for different values of artificial compressive strength.

Figure 5.9 shows a comparison between the experimental test [7] and the deployment and inflation
corresponding to Case 1, Case 3 and Case 6 taken as representative cases of the behavior of the membrane
material used in the simulations. Results shown in Figure 5.9 indicate that, as expected, a decreasing
compressive strength produced a more flexible behavior of the membrane during the initial unfolding and
subsequent inflation. From Figure 5.9 it is possible to conclude that a value of artificial compressive
strength of 10,000 Pa (Case 1) reproduced a membrane behavior that was closer to the membrane behavior
seen in the experiments.
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Figure 5.9. Comparison of simulation results for Cases 1, 3 and 6 vs. experimental results.
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5.6 Summary
Three different procedures were described in this chapter: folding, the placement in the tunnel and the
confined inflation. The folding sequence was implemented by using two rotating planes and two
translational planes. The positions of the folding planes were selected in order to obtain a symmetric folded
shape. The placement on the ceiling of the tunnel was performed in two steps by imposing translational and
rotational boundary conditions to the reference node of the folded shape which was temporary defined as a
rigid body.
An initial estimation of the air mass flow rate was conducted considering the new confined conditions. The
confined inflation started with the folded shape positioned on the storage area on the ceiling of the tunnel,
and it was completed in only one step that included the action of gravity and the activation of the inflator.
This simulation of the confined inflation was used for initial understanding of the behavior of the membrane
under confined inflation.
A comparison of the FE results with the experimental observations reported in [7], showed that the
membrane behavior predicted by the simulation appeared to be more rigid than the behavior observed
during the experiments. This problem was attributed to the artificial compressive strength adopted in the
definition of the material which was initially assumed to be 0.5% of the maximum tensile strength.
A parametric study was conducted changing the value of the artificial compressive strength in order to
reproduce a membrane behavior in the simulations that was closer to the experimental test. Six values of
compressive strength were evaluated. The values were in the range of 0.01% to 0.5% of the tensile strength
for a constant strain 𝜀 = −0.014. Simulation results also suggested that a value of artificial compressive
strength in the range of 0.01% of the tensile strength can reproduce a membrane behavior that is closer to
the membrane behavior seen in the experiments.
The global and local conformity of the FE models were evaluated as well. Results showed the presence of
gaps in the corners of the tunnel. The formation of these gaps was attributed to the lack of uniform
distribution of the membrane material which accumulated of tunnel floor and was not able to reach the
lateral portions of the tunnel by the action of the inflation pressure.
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6 Chapter 6. Confined Inflation – Controlled Membrane Release
6.1 Introduction
This chapter presents details of an enhanced technique developed to improve the membrane behavior of the
inflatable structure during the initial deployment and inflation and also to correct the lack of local
conformity observed in the previous chapter. This technique developed for better control of the membrane
material adopts the controlled deflation described in Chapter 4 with the addition of pre-folding steps in
combination with passive restrainers. The inclusion of passive restrainers is intended to keep the position
of the pre-folds during the folding procedure, and also to produce a gradual release of the membrane
material during the confined inflation. An evaluation of the mechanical properties of the connector elements
used to represent the passive restrainers is presented as well.

6.2 Controlled Deflation Including Pre-folding Steps
The controlled deflation that includes pre-folding steps is based on the same technique developed for the
controlled deflation described in Section 4.2.2, but with a further improvement. In this improved process,
the collapse of the membrane of the inflatable, due to the application of the gravity load, was controlled not
only by the internal pneumatic pressure but also by applying additional displacement boundary conditions
to specific lines and portions of the membrane to form initial pre-folds.
Two cases of controlled deflation including pre-folds were simulated: the first one, Case A, included only
one pre-fold, and the second one, Case B, included two pre-folds. Case A was developed to simulate the
technique of the controlled release of the membrane similar to the one implemented in the experiments
reported in [7]. Case B was created to show the potential of this new technique and to emphasize the
possibility of achieving a higher level of local conformity of the membrane for different tunnel profiles.
The position of the initial pre-folds was dictated by the position of folding surfaces of the membrane that
did not conform to specific locations (corners) in the tunnel profile at the end of the inflation as shown in
Figure 5.6. In the simulation of Cases A and B, the controlled deflation with pre-folding steps was
performed using the same slope used in the controlled deflation described in Section 4.2.2. Also, as
described in Section 4.2.2, the simulation was stopped after four to eight iterations to capture the coordinates
of the resultant shape with Abaqus/CAE and then checked for penetrations and intersections of elements in
Hypermesh. Once the verification was completed, the resultant deformed shape was reused for continuing
the simulation using the same initial conditions of pressure (𝑃𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙 = 𝑃𝑔𝑟𝑎𝑣𝑖𝑡𝑦 ) and the same decreasing
ramp.
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6.2.1 Case A
The initial shape used at the beginning of the simulation was the initial nominal shape of the inflatable
structure shown in Figure 3.4. The initial single pre-fold, as mention above, was chosen considering the
position of the folding surfaces (colored bands in Figure 3.4) necessary to cover the critical corners of the
tunnel. To achieve a symmetric flat deflated shape, another pre-fold was created on the opposite side of the
first pre-fold to get an equal distribution of the membrane material as shown in Figure 6.1. In Figure 6.2(a),
the highlighted lines show the nodes where the translation boundary conditions were applied. This process
was repeated eight times (8 steps), and each step was denominated cleaning process. Each step was
performed using a mass scale factor of 10, a mass proportional damping factor of 𝛼 = 0.4 and no contact
penalty factor. Contact interactions and friction were defined between the membrane of the inflatable and
the base (𝜇 = 0.40) and between the membrane of the inflatable and itself (𝜇 = 0.20).
In Figure 6.2(a), the nodes on the center lines (CL) were set to move along the X-axis and along the Z axis,
whereas the nodes on the bottom and the top lines (BL and TL, respectively) were set to move only along
the Z axis, and all the nodes on the lines were constrained to move along the Y-axis. A horizontal
displacement of |1.6|𝑚 along the X axis was imposed as translation boundary condition to the center lines
as shown in Figures 6.2(b) and 6.2(c). The simultaneous displacement of the nodes on the center lines along
the X axis and the decrease of the pneumatic pressure produced the translation along the Z axis of the nodes
on the bottom and on the top lines until they were close to each other as shown in Figure 6.2(d). From that
moment on, all the boundary conditions applied to the nodes on the center, bottom and top lines were
deactivated. Once the two initial pre-folds were formed, as illustrated in Figure 6.2(e), equally spaced nodes
located at the bottom and the top lines were linked with connector elements to maintain the lines close to
each other to maintain the shape of the folding surfaces generated by the pre-folds.
A displacement along the X axis of |0.36|𝑚 was imposed as translational boundary condition to the nodes
on the highlighted lines to stretch the membrane, as shown in Figure 6.2(f). After reaching the final shape
shown in Figure 6.2(g), the nodes on the highlighted lines were set to move only along the Z axis and the
final shape is shown in Figure 6.2(h). In order to reach a flatter shape, instead of applying a gravity load,
as done in the controlled deflation, a vacuum pressure of 700 𝑃𝑎 was applied as boundary condition in
order to be more realistic and feasible experimentally. A contact penalty factor of 20 was implemented in
this last step to avoid intersection and penetration of the elements. The final flattened shape is shown in
Figure 6.2(i).
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Figure 6.1. Controlled deflation, reference lines and position of pre-folds, Case A.

Figure 6.2. Sequence of controlled deflation with pre-folding steps Case A.
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6.2.2 Case B
The initial shape used at the beginning of the simulation of Case B was the shape obtained at the end of the
fifth cleaning step of Case A, as shown in 6.4(a). Case B required three iterations, and it was performed
using a mass scale factor of 10, a mass proportional damping factor of 𝛼 = 0.4 and no contact penalty
factor. A third pre-fold was introduced considering the initial position of the folding surfaces that were
closer to the lower right corner of the tunnel profile. The position of the third pre-fold and the folding lines
are illustrated in Figure 6.3. As illustrated in Figure 6.4(b), displacement boundary conditions were imposed
to the nodes on the highlighted lines to stretch the membrane in preparation for creation of the third prefold. The third pre-fold was created by applying translational boundary conditions to the nodes on the
highlighted lines illustrated in Figure 6.4(c). Once the third pre-fold was formed, equally spaced nodes on
the closer lines of the fold were linked with connector elements as done in the Case A. Also, as in Case A,
and in order to reach a flatter shape, a vacuum pressure of 700 𝑃𝑎 was applied as boundary condition, as
illustrated in Figure 6.4(d).

Figure 6.3. Controlled deflation, reference lines and position of pre-folds, Case B.

Figure 6.4. Sequence of controlled deflation with pre-folding steps Case B.
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6.3 Design of Passive Restrainers
A controlled release of the membrane material was implemented in the experiments reported in [7]. In these
experiments, it was observed that during the inflation process the passive restrainers holding the membrane
material of the inflatable broke around the 180th second of the inflation.
The pressure history obtained from the simulation of confined inflation without control of the membrane
(Figure 5.7) provided the value of the gauge pressure at the 180th second that was 180 𝑃𝑎. This value of
pressure is the pressure that the connectors will have to take at breakage (𝑃𝑐𝑜𝑛𝑛 ). A preliminary estimation
of the magnitude of the force that each passive restrainer will have to take before breaking to release the
membrane is based on the hoop stress on the cylindrical portion of the inflatable given by:
𝜎ℎ𝑜𝑜𝑝 𝑡 = 𝑃𝑐𝑜𝑛𝑛 𝑅 = 451.8

𝑁
𝑚

Eq. (6.1)

where t is the thickness of the membrane, 𝑃𝑐𝑜𝑛𝑛 is the pressure necessary to break the passive restrainers,
and R is the radius of the cross-section of the cylindrical of the inflatable structure at the 180th second of
the inflation. Looking at the inflate shape in Figure 5.6(a), the value of R was initially assumed to be
approximately equal to the radius of the tunnel. This initial estimation of R is slightly overestimated but
close enough to obtain the range of force that the restrainers would have to take. The value obtained in Eq.
(6.1) is the hoop force on the cylinder per unit of length. The total force acting in the hoop direction of the
cylinder is the product between the unit force of Eq. (6.1) and the nominal length of the cylindrical portion
of the inflatable and it is equal to 1652.2 𝑁. This total force is the active force in the hoop direction that
has to be equal to the total reaction force carried out by all the passive restrainers before their breakage. In
the experiments reported in [7], a total of six passive restrainers were installed to control the release of the
membrane material on the cylindrical portion of the inflatable. In this work, the same number was adopted
to simulate the connectors installed along the first pre-fold shown in Figure 6.2(d). By dividing the total
force of 1652.2 𝑁 into six passive restrainers, the force that each one will take individually before their
breakage at the pressure 𝑃𝑐𝑜𝑛𝑛 is equal to 275 𝑁.
Considering that the passive restrainers are typically manufactured from materials that are commercially
available, such as synthetic filaments and other similar materials, this work adopted values of individual
breakage force in the range of 267 N (60 lbf) to 311 N (70 lbf) [38]. Since the force was calculated using
an overestimated radius, a passive restrainer with a nominal strength of 267 𝑁 was adopted for the
simulations.
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6.4 Folding Process
The flattened shapes obtained at the end of the controlled deflation with pre-folding steps corresponding to
Case A and Case B were folded imposing translational and rotational boundary conditions to the folding
planes FP1 and FP2 illustrated in Figure 6.5. The folding procedure was the same for both cases. Six nodes
on the top and the bottom edges of each pre-folding lines were restrained using connector elements to avoid
sliding of the membrane material during the folding process that could cause excessive distortion of the
pre-folds. The folding process was performed using an MSF = 100, a mass proportional damping factor
𝛼 = 0.4 and no contact penalty factor. The reduction in the number of the planes need to perform the
folding process was due to the presence of internal pre-folds that reduced the footprint of the flattened
shape. The dimensions of the folding planes were adjusted according to the dimensions of the completely
deflated shape.
The folding sequence illustrated in Figure 6.5 was completed in five simulation steps to achieve the final
folded shape. The position of the folding planes was selected to perform a symmetric folding sequence. In
Figure 6.5, the colors of the folds correspond to the colors of the folding planes that were used to perform
the specific folding step.

Figure 6.5. Folding sequence, main folding steps, top and isometric views.
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The sequence of steps performed to reach the folded shape is illustrated in Figure 6.6 include:
1) In the first simulation step shown in Figure 6.6(a), the inflatable was initially flattened by the action of
gravity applied to all membrane elements along the Z-axis. After this initial step, gravity was active for
the total duration of the folding process. Contact interactions and friction were defined between the
membrane of the inflatable and the base (𝜇 = 0.50) , between the membrane of the inflatable and itself
(𝜇 = 0.50) and between the inflatable structure and the folding planes (𝜇 = 0.50). No contact
interactions were assigned between the rigid bodies (base and folding planes).
2) In the second simulation step shown in Figure 6.6(b), the folding sequence started by imposing
boundary conditions to the reference nodes of the folding planes acting as rigid bodies. The reference
node of the folding plane FP1 was constrained to translate vertically along the Z-axis (𝑈3 = 0.10 𝑚).
3) In the third simulation step shown in Figure 6.6(c), the reference node of the folding plane FP1 was set
to rotate along the Y axis (𝑈5 = 180°). At the end of this step the first fold was completed and it is
shown in Figure 6.6 (d).
4) The second fold was performed by the folding plane FP2 which followed the same steps of FP1 but
with its rotation performed in opposite directions to achieve the second fold symmetric to the one
described in steps 2 and 3. This sequence is shown in Figures 6.6(e) to 6.6(h). At the end of this
sequence, the second fold was completed as illustrated in Figure 6.6(h).
5) The resultant folded shape shown in Figure 6.6(h) was verified for penetrations and intersections of
elements as explained in Section 5.2. The verified mesh was then placed in the tunnel using the same
procedure described in Section 5.3.
Before proceeding to describe the confined inflation with the implementation of the controlled release of
the membrane, it is important to underline the remarkable improvements achieved in terms of the final
folded shape, in the reduction of simulation steps and, also in terms of the flatness of the deflated shape
reached at the end of the controlled deflation compared with the simulation without the implementation of
pre-folds.
Figure 6.7 compares two folded shapes positioned on the ceiling of the tunnel. Figure 6.7(a) shows the
folded shape obtained without the inclusion of pre-folds (Case 0), whereas Figure 6.7(b) shows the folded
shape obtained using the pre-folds (Case A and B). Comparing Figure 6.7(a) and Figure 6.7(b), it is possible
to see a significant reduction of the overall folded volume and a more uniform distribution of the membrane
material along the total longitudinal length of the inflatable. The reduction of the thickness of the folded
shape is also indicated in Figure 6.7. For Case 0, w(a) was 0.32 𝑚 and for Case A and B, w(b) was 0.18 𝑚,
which is almost half of Case 0.
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Figure 6.6. Lateral view of the folding sequence corresponding to Cases A and B.

Moreover, the controlled deflation including pre-folds implemented in Cases A and B was performed in
eight simulation steps, which is less than half of the simulation steps need to complete the controlled
deflation without pre-folds (Case 0). The controlled deflation implemented in Case 0 described in Section
4.2.2 required 19 simulation steps. Considering the technique used to reach a flatter shape at the end of the
controlled deflation, the implementation of vacuum in the last simulation step of the controlled deflation
produced an even flatter shape in Cases A and B. Although a similar flat shape was achieved in Case 0
using ten times the gravity, the implementation of vacuum is more feasible to be executed experimentally.
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Furthermore, the folding procedure implemented in Cases A and B was performed in five simulation steps,
which were less than half of the simulation steps implemented in Case 0 (13 simulation steps).

Figure 6.7. (a) Folded shape without pre-folds (Case 0); (b) Folded shape including pre-folds (Cases
A and B).

6.5 Confined Inflation with Controlled Release of Membrane
The simulation of the deployment and inflation implementing a controlled release of the membrane material
was similar to the process described in Section 5.5 except for the presence of the passive restrainers modeled
with connector elements. Case A included only one pre-fold to control the release of the membrane, and
Case B included two pre-folds for controlling the release of the membrane.
In both simulation cases, the confined inflation was performed using an MSF of 100, a mass proportional
damping factor 𝛼 = 0.2 and a penalty factor of 10. Contact interactions and friction were defined between
the membrane of the inflatable and the tunnel (𝜇 = 0.40) and between the membrane of the inflatable and
itself (𝜇 = 0.20). An artificial compressive strength of 0.02% of the membrane tensile strength was
included in the definition of the constitutive model of the fabric material. The total simulation time
including the initial deployment followed by the inflation sequence was set to take place in 200 seconds
plus 5 additional seconds for deactivation of the inflator and final pressure stabilization. The initial inflator
𝑘𝑔

𝑘𝑔

defined in Section 5.4 with an air mass flow rate of 0.66 𝑠𝑒𝑐, was slightly increased to 0.67 𝑠𝑒𝑐 to account
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for the drop of internal pressure due to the breakage of the connectors during the inflation process. The
sequence of deployment and inflation for Cases A and B are shown in Figure 6.8 and compared with the
experimental tests reported in [7].

Figure 6.8. Comparison of simulation results for Case A and Case B vs. experimental results.
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Figure 6.9. Release of the membrane. Comparison of simulation results for Case 0, A and Case B.

Figure 6.8 illustrates the following aspects of the membrane behavior during deployment and inflation:
-

In both Cases A and B, the behavior of the membrane modeled using an artificial compressive strength
with a value of 0.02% of the membrane tensile strength reproduced qualitatively an unfolding and
expansion of the inflatable similar to behavior seen in the experiments.

-

Regarding global conformity of the inflatable to the tunnel perimeter, the inflated shapes seen in Cases
A and B at the end of the simulations were similar to the shape observed in the experiments.

-

For Case A, and in terms of local conformity of the inflatable to the corners of the tunnel perimeter, the
simulation results show that inflatable was able to conform to the upper right corner, but it was not able
to completely fill the lower right corner of the tunnel as shown in Figure 6.8(f). Comparing Case 0 and
Case A illustrated in Figure 6.9, it is possible to observe an improvement in the conformity on the upper
right corner of the tunnel. This improvement is attributed to the inclusion of the pre-fold which released
upon breakage of the passive restrainers at the end of the inflation.
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-

For Case B, and also in terms of local conformity, Figure 6.9 shows a remarkable improvement in the
local conformity in both corners of the tunnel. This improvement is attributed to the inclusion of two
pre-folds and the release of the membrane contained in the pre-folds upon nearly simultaneous breakage
of the passive restrainers at the end of the inflation. These results demonstrate how the control of the
membrane during the controlled deflation, folding, and inflation with controlled release of the
membrane material contributes to reach a higher level of local conformity of the inflatable to the tunnel
perimeter.

In the simulation corresponding to Case B, a second set of passive restrainers were used in the third prefold shown in Figure 6.4(c). The number of passive restrainers used in the third pre-fold was calculated
taking into account the radius of curvature (R2) of the inflatable in the proximity of the lower right corner
of the tunnel before the breakage of the connectors in Case A, as illustrated in Figure 6.10. From Figure
6.10, it is possible to see that the radius of curvature on the lower right corner of the tunnel is about half of
the radius of the inflatable (R1) at the onset of the breakage of the passive restrainers of the first pre-fold.
Since the purpose is to use the same type of passive restrainers used in Case A and also considering Eq.
(6.1), a total of three passive restrainers were implemented along the cylindrical portion of the inflatable at
the position of the third pre-fold.

Figure 6.10. Radii of curvature of inflatable at the onset of failure of passive restrainers.
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From a thermodynamic point of view, and in order to understand the effects of the inclusion of passive
restrainers, the time history of the internal pressure, the internal volume and the failure status of the passive
restrainers (where 0 corresponds to no breakage, and 1 corresponds to breakage), are plotted in Figure 6.11
and 6.12 for Case A and B, respectively.
From Figure 6.11 it is possible to observe the following:
-

During the initial deployment (t = 0 to t = 3 sec), the internal pressure shows the presence of a vacuum
effect produced by the fall of membrane material due to the action of gravity. The activation of the
inflator (at t = 2 sec) produced a recovery of the pressure. After few seconds of the activation of the
inflator, the internal pressure (gauge pressure) reached a positive value but with a magnitude close to
zero. As the inflation progressed, the internal pressure remained approximately constant and close to
zero, whereas the internal volume of the inflatable increased linearly.

-

At t = 179 sec, right before the failure of the passive restrainers, the internal pressure increased until it
reached a local peak that corresponds to the failure of the passive restrainers. Right after the failure of
the passive restrainers, the membrane contained in the pre-fold was released, causing an increase of
volume, which produced a drop of the internal pressure. However, the inflator system continued
providing air mass for filling the internal volume, which produced a recovery of the internal pressure
until it reached the target value close to the target value of 6.89 ∙ 103 𝑃𝑎. Also, during this stage, the
volume tended to a constant value close to the target value.

Figure 6.11. Time history of gauge pressure, internal volume and failure status for case A.
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From Figure 6.12, corresponding to Case B, it is possible to see that the internal pressure and the internal
volume of the inflatable followed a behavior similar to Case A until the end of the first failure of the passive
restrainers placed close to the upper right corner of the tunnel. Since Case B included two pre-folds, from
the pressure history, it is possible to see two main local peaks followed by two drops of internal pressure
right before and right after the breakage of the passive restrainers. The presence of the third local peak
between the two main local peaks indicates that the breakage of the restrainers was not simultaneous.
However, the inflator, as in Case A, continued providing air mass and filling the internal volume which
produced an increase in the internal pressure. During the pressurization stage, as in Case A, the internal
pressure increased until it reached a value close to the target value while the volume tended to a constant
value.

Figure 6.12. Time history of gauge pressure, internal volume and failure status for case B.

Figure 6.13 and Figure 6.14 show the time history of the axial forces carried out by each passive restrainer
used in the pre-folds corresponding to Cases A and B, respectively. The time history was analyzed to
understand the behavior of the passive restrainers during the deployment and inflation process until they
broke and released the membrane stored during the controlled deflation process.
For Case A, the behavior of the forces illustrated in Figure 6.13 can be separated into the following parts:
-

From t = 0 to t = 25 seconds, it is possible to see a series of peaks due to fall of the membrane seen
during the initial deployment. The magnitude of the forces did not exceed 30% of the axial strength
assigned to the connector elements (267 N).
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-

After the initial deployment is completed, the connectors were unloaded. From t = 25 to t = 150 seconds,
the inflatable expanded and the behavior of the axial force carried out by the connectors was
characterized by small oscillations around a constant load of about 10% of the axial strength assigned
to the connector elements.

-

From t = 150 to t = 180 seconds, the inflatable started to reach its full shape inside the tunnel, and the
connector elements started to get stretched producing an increase of the axial force until they reached
their maximum capacity around the 180th second. At that time, the strength of the connectors was
reached causing their break and allowed a further release of membrane stored in the first pre-fold, as
seen in Figure 6.9.

-

After the breakage, from t = 180 to t = 205 seconds, the axial forces in the connectors dropped to zero
since they broke and cannot take any axial force.

Figure 6.13. Time history of axial force in each connector for case A.

For Case B, the behavior of the forces illustrated in Figure 6.14 can be separated into the following parts:
-

From t = 0 to t = 25 seconds, as in Case A, it is possible to see a series of local peaks originated by the
fall of the membrane corresponding to the initial deployment. In this case, the magnitude of the forces
did not exceed 26% of the axial strength assigned to the connector elements (267 N).

-

Similarly to Case A, after the initial deployment was completed, the connectors were unloaded. From
t = 25 to t = 150 seconds, the inflatable expanded and the behavior of the axial force carried out by the
connectors is characterized by oscillations around a constant axial load in the range of 1% to 18% of
the axial strength assigned to the connector elements.
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-

From t = 150 to about t = 176 seconds, the inflatable started to reach its full shape inside the tunnel,
and the connector elements related to the first pre-fold started to get stretched producing an increase of
the axial force until they reached their maximum capacity around the 176th second. At that time, as in
Case A, the strength of the connectors was reached causing their break and producing the release of the
membrane stored in the first pre-fold as seen in Figure 6.9.

-

From t = 177 to about t = 183 seconds, the inflatable continued its expansion in the tunnel and the
connector elements related to the third pre-fold started to get stretched producing an increase of the
axial force until they reached their maximum capacity around the 183rd second. At that time, the
strength of the connectors was reached causing the breakage and producing the release of the membrane
stored in the third pre-fold, as seen in Figure 6.9.

-

Then, after the breakage, from t = 183 to t = 205 seconds, the axial forces in the connectors dropped to
zero since they broke and cannot take any force.

Figure 6.14. Time history of axial force in each connector for case B.

Looking at the overall behavior of the forces carried by the connectors in Cases A and B, it is important to
highlight that the timing of the breakage and the maximum force at breakage of the passive restrainers is
well within the range of the estimated values originated by Eq. (49) and by the procedure described in
Section 6.3. In order to quantify the global conformity and to highlight the improvements reached with the
implementation of the controlled release of the membrane, the contact area achieved at the end of the
simulations in Cases 0, A and B are plotted in Figure 6.15. In this figure, the dashed lines represent the
nominal contact area of the cylindrical portion of the inflatable in the tunnel.
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Figure 6.15. Time history of contact area for the three cases (Case 0, Case A, Case B).

From Figure 6.15 it is possible to see that at the end of the simulation, the magnitude of the contact area for
Cases 0, A and B exceeded the nominal contact area of the cylindrical portion of the inflatable in the tunnel.
The nominal contact (NC) area was evaluated considering the cylindrical region having the same length
and radius of the tunnel. Table 6.1 summarizes the percentages of improvement achieved in the three cases.
The improvement in the contact area can be attributed to two factors: 1) the confining effect produced by
the tunnel in which part of the spherical end caps become part of the cylindrical portion of the inflatable,
and 2) the controlled release of the membrane. The percentage of improvement due to confining effect is
calculated taking into account the nominal contact area of the cylindrical portion of the inflatable in the
tunnel and the contact area of Case 0, which did not include any pre-folds or passive restrainers. The
increase in the contact area produced by the confining effect is due to the fact that part of the spherical end
caps became part of the cylindrical portion and thus, increased the final contact area. The percentages of
improvement due to the controlled release of the membrane are calculated taking into account the contact
area of Case 0, with Cases A and B. The increase in the contact area seen in these two cases is due to the
better local conformity in the corners of the tunnel profile.
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Table 6.1. Percentage of improvement of the contact area.
Case

Contact Area [m2]

Increased Area %

Improvement due to

NC

57.72

-

-

0

60.78

5

Confining effect

A

66.77

15

Confining effect +
release of membrane

B

67.30

16

Confining effect +
release of membrane

One aspect seen in the simulations of the different cases is the presence of a vacuum effect at the beginning
of the simulation during the initial deployment of the inflatable. This effect is plotted in Figure 6.16 which
illustrates the internal pressure history during the first 4 seconds of the deployment for Cases 0, A and B.
From this plot it is possible to see that the vacuum pressure increased as the membrane control improved.
The peak values of the vacuum pressure obtained from the simulations corresponding to the three cases
under investigation are summarized in Table 6.2. This phenomenon can be explained considering the
membrane behavior of the inflatable structure during the first few seconds of the unfolding process. In this
short period, the sudden fall of the mass of the inflatable structure due to the action of gravity produces
inside of the inflatable a slipstreaming effect that causes a zone of low pressure. Since the mass of the
inflatable is the same for all three cases, the factor that is attributed to produce different values of the
vacuum pressure is the initial internal volume of the inflatable after the completion of the folding. This
value is controlled by the compactness of the folded shape. Table 6.2 shows that the initial internal volume
of the folded shape decreased as the membrane control improved.
Table 6.2. Values of vacuum pressure and internal volume during initial deployment.
Case

Vacuum Pressure
(Peak) [Pa]

Initial Internal
Volume [m3]

0

479.38

0.65

A

492.72

0.59

B

510.08

0.58
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Figure 6.16. Comparison of vacuum effect for the three cases (Case 0, Case A, and Case B).

6.6 Summary
Two cases of controlled deflation were presented in this chapter. These cases were used to improve the
membrane behavior of the inflatable structure during the initial deployment and inflation. This
improvement was achieved by adopting the controlled deflation technique described in Chapter 4 with the
inclusion of pre-folds. In the first case (Case A) a single pre-fold was implemented, whereas in the second
case (Case B) two pre-folds were implemented. At the end of the controlled deflation with the addition of
pre-folding steps, the external lines of each pre-folded segments were held using passive restrainers in order
to avoid sliding of the membrane material during the folding process.
The passive restrainers were modeled with connector elements, and their mechanical properties were
evaluated. A new folding process was implemented as well. The folding process was implemented by using
only two folding planes. The position of the folding planes was selected to perform a symmetric folding
sequence. A remarkable improvement was seen not only in terms of final folded shape (the width decreased
from 0.32 m to 0.20 m and, at the same time, a more uniform longitudinal distribution of the membrane),
but also in the reduction of simulation steps (from 19 to 8) and also in terms of the implementation of a
feasible way to reach a flatter shape by the application of a vacuum pressure of 700 Pa.. The final folded
shape was then positioned on the ceiling of the tunnel using the same technique described in Chapter 5.
The results of two simulations of deployment and inflation implementing the controlled release of the
membrane material were described in this chapter as well. The results of the simulations showed how the
control of the membrane contributed to reach a higher level of local conformity of the inflatable to the
tunnel perimeter. The internal pressure and internal volume time histories were analyzed to understand the
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impact of the inclusion of passive restrainers in the behavior of the inflatable during the inflation and
pressurization highlighting the differences between the two cases under investigation (Case A and Case B).
Additionally, the time history of the axial forces carried out by the connector elements was plotted to
understand how the passive restrainers worked, what was the maximum value of the force that they can
achieve before the breakage, and the time at which the breakage took place. The contact area at the end of
the simulation was analyzed as well. The simulation results show an increase in the contact area from Case
0 to Cases A and B. The improvement in the contact area was attributed to the confining effect produced
by the tunnel and, to the better local conformity achieved in the corners of the tunnel profile by the gradual
release of the membrane.
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7 Chapter 7. Conclusions and Recommendations for Future Work
This chapter presents the main conclusions obtained from the simulation results described in the previous
chapters. Recommendations for future work are presented as well.

7.1 Conclusions
Considering the initial preparation of the finite element model of the inflatable structure studied in this
work, the mesh convergence results described in Chapter 3 indicated that although a relatively coarse mesh
can predict the stresses with 0.2% margin of error with respect to the analytical solution, a more refined
mesh would be better for implementation of the folding procedures proposed in this work. Therefore, a
more refined mesh of 0.05 𝑚 was adopted in this work to reduce the occurrence of inter-element penetration
and intersections and also to reduce the final volume of the folded shape. The immediate consequence of
using a more refined mesh was the increase of the computational time.
Since one of the main objectives of this work is to obtain a folded shape of the inflatable with the minimum
storage volume, two techniques of deflation were implemented: the uncontrolled deflation and the
controlled deflation. Although the controlled deflation required more simulation steps and iterations than
the uncontrolled deflation, its implementation produced a significant improvement in the resultant deflated
shape. The control deflation produced a reduction of the width of the inflatable structure from 0.54 m to
0.38 m. The controlled deflation contributed to the reduction in the amplitude of wrinkles and also to
improve the distribution of the membrane over the surface of the resultant deflated shape.
The simulation of unconfined inflation was used to assess the performance of the factors initially adopted
for the definition of the inflator and to evaluate the impact of changes in parameters such as the mass scale
factor (MSF) and the mass proportional damping factor (𝛼), and the ambient temperature, as described in
Chapter 4. The parametric studies were conducted in order to find a combination of parameters that were
able to decrease the computational time of the simulations and, at the same time, to reproduce the behavior
of the inflatable structure making it comparable to the experimental observations reported in [7].
The parametric study carried out to evaluate the influence of a mass scale factor with values in the range of
10 to 1000, indicated that a mass scale factor of 100 was suitable for the simulation of the behavior of the
given material of the inflatable. This value was adopted for the different stages of the simulation of the
inflatable structure under investigation. This value was high enough to reduce the computational time but
at the same time not too high to change the dynamic behavior of the inflatable, particularly at the end of the
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inflation and pressurization stages. Simultaneously, the results also showed that the different values
considered for MSF did not have any impact on the stresses on the membrane.
The results of the parametric study of a mass proportional damping factor (𝛼) defined as part of the material
properties of the fabric material of the inflatable, indicated that for a mass scale factor of 100, values of 𝛼
in the range between 0.2 and 0.4 reproduced a more realistic behavior of the membrane. Simulations results
with values of 𝛼 below 0.2 showed significant oscillations and apparent vibrations of the membrane and
bouncing at the end of the unconfined inflation and pressurization, while simulations with values of 𝛼 above
0.4 and up to 1.0 exaggerated the damping effect and therefore changed the overall behavior of the inflatable
during the inflation and pressurization.
A parametric study was conducted to understand the influence of the ambient temperature 𝑇𝑎 on the
behavior of the inflator system. The results of this parametric study indicated that the gauge (or internal)
pressure of the inflatable and the internal volume increased as the ambient temperature increased. An
increase of temperature from 𝑇𝑎 = 15°C to 𝑇𝑎 = 40°C produced an increase of 72% in the gauge pressure
and an increase of 4.9% in the internal volume of the inflatable. This results suggest that the air mass flow
rate of inflator will have to be adjusted to account differences of ambient temperature in order to avoid early
or excessive pressurization that could produce overstressing of the fabric material which ultimately can lead
to the failure of the inflatable.
The simulation of deployment and confined inflation of the inflatable was presented and discussed in
Chapter 5. The results of the FE models were analyzed and compared to the experimental test reported in
[7]. An initial comparison of the membrane behavior during the initial unfolding showed a noticeable
difference between the simulation results and experimental results. In this initial comparison, the behavior
of the membrane in the simulations seemed to be more rigid than the one used during the experiments. This
dissimilarity was attributed to the artificial compressive strength adopted in the definition of the constitutive
model of the fabric material. In the initial models of confined inflation, this value was assumed to be 0.5%
of the maximum tensile strength. Although this relatively small value contributed to the numerical
stabilization of the simulation, by preventing the excessive distortion of unstressed membrane elements
and, therefore significantly decreasing the time increment, it also produced an artificially stiffer membrane.
An additional parametric study was conducted changing the value of the artificial compressive strength
with the purpose of reaching a membrane behavior in the simulation that was a closer representation of
what was observed in the experiments. Results indicated that a decreasing value of compressive strength
improved the flexibility of the membrane seen during the initial unfolding and inflation. Further comparison
of simulation results with experimental results showed that a value of artificial compressive strength in the
77

range of 0.01% to 0.02% of the maximum tensile strength resembled more closely the membrane behavior
observed in the experiments.
The simulation of deployment and confined inflation was also used to assess the global and local conformity
of the membrane to the tunnel profile. Simulation results showed the presence of gaps in the corners of the
tunnel due to the lack of uniform distribution of membrane material. This lack of uniform distribution of
membrane material was attributed to the uncontrolled release of the membrane material during the initial
deployment and inflation. A methodology to improve the lack of uniform distribution of membrane material
was introduced and discussed in Chapter 6. This methodology included the adoption of the controlled
deflation technique described in Chapter 4 with the addition of pre-folds held by passive restrainers. The
implementation of a vacuum pressure contributed to achieve an even flatter deflated shape. A remarkable
improvement was also reached in terms of the final folded shape and the reduction of simulation steps. The
inclusion of these passive restrainers was intended not only to preserve the position of the pre-folds during
the folding procedure but also to produce a gradual release of the membrane during the latter stages of the
inflation process. The simulation results showed how the control of the membrane during the deflation,
folding, deployment, and inflation contributed to reach higher levels of local conformity by closing gaps
around the corners of the tunnel perimeter, which translated in an increase of contact area.

The

implementation of only one pre-fold produced an increase of the 15% of the resultant nominal contact area
whereas the implementation of two pre-folds produced an increase of the 16% of the same area. Results
also showed that the simplified geometry of the inflatable adopted for the simulations presented in this work
was able to reach similar levels of global and local conformity as the levels reached with a fitted shape of
the inflatable adopted in the experiment reported in [7].

7.2 Recommendations for Future Work
Although several parametric studies were conducted in this work, the following additional studies are
suggested to improve the understanding and predictability of finite element models of inflatable structures
subject to confined inflation, including:
•

A parametric study to evaluate the influence of the stiffness proportional Rayleigh damping
coefficient 𝛽.

•

A parametric study to evaluate the influence of the magnitude of the contact penalty factor.

•

A parametric study to evaluate the influence of the bulk viscosity coefficient.

•

The evaluation of alternative folding sequences to understand the impact that other folding sequences
could have on the final inflated shape of the inflatable in confined conditions in terms of global and
local conformity.
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•

The innovative techniques for controlling the membrane of the inflatable developed in this work
demonstrated that it is possible to achieve higher levels of local conformity and they could be applied
to other tunnel profiles with more intricate shapes.
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8 Appendix A. Deployment and Inflation of a Segment of Inflatable
Boom
8.1 Introduction
This Appendix presents additional exploratory work conducted to simulate the deployment and inflation of
a segment of an inflatable boom. The objective of this supplemental work was to explore the simulation of
other folding procedures for producing a two-zig-zag folding and rolling. These two folding patterns are
simulated implementing alternative techniques to reproduce the final folded shape used in a small-scale
exploratory experiment. The resultant folded shapes are then used to simulate the vertical deployment and
inflation. The simulation results are then compared to the results obtained in the experiments.

8.2 Model Definition and Properties
A model for a segment of an inflatable boom is developed. The deflated geometry of the inflatable boom is
defined by two surfaces called upper and lower surfaces. The surfaces connect in a middle plane via linear
transitions running along the perimeter as shown in Figure 8.1 (a). The total length of the inflatable is equal
to 1.016 𝑚 and the width is equal to 0.457 𝑚. The initial geometry of the inflatable was created using a
three-dimensional deformable shell using Abaqus/CAE. The surface was then partitioned into five subsurfaces as shown in Figure 8.1 (b). The partitions were created in order to identify folding surfaces and
folding lines that were used as references during the folding procedure.

Figure 8.1. (a) Inflatable boom geometry and dimensions; (b) Partitions.
80

The membrane of the inflatable is a single layer of low-density polyethylene (LDPE) with a thickness of
𝑡 = 0.0000508 𝑚 and density of 𝜌 = 920

𝐾𝑔
𝑚3

. The mechanical properties of LDPE adapted from

information available in the literature [39-54]. The LDPE material is assumed to behave as an orthotropic
material with tensile strengths in the warp and fill directions. The mechanical behavior under tensile loads
is shown in Figure 8.2.

Figure 8.2. Constitutive model of membrane material.

The membrane material is assumed not to have stiffness under compression. However, the stability and the
convergence of the FE models require the definition of an artificial compressive strength to prevent
excessive distortions or the collapse of membrane elements. In the models of the inflatable, a compressive
strength equal to 0.01% of the maximum tensile strength was assigned to the constitutive model.
During the simulation, the inflatable will interact with a flat surface called “base” which is representative
of a solid surface on which the folding procedures will take place. The base is represented by a rectangular
shape surface of 1.00 𝑚 by 2.0 𝑚.

8.3 Generation of FE models
The membrane of the inflatable is simulated using M3D3 membrane elements. The implementation of
folding procedures required a refined mesh to obtain a very compact folded shape and, at the same time, to
prevent inter-element penetration and intersections. The nominal shape illustrated in Figure 8.1 is modeled
using 21904 elements. The FE model of the base was created with three-dimensional rigid shell surfaces
generated in Abaqus/CAE. The base was considered non-deformable, it was meshed using linear
quadrilateral rigid elements R3D4, and it is formed by 200 elements with a size of 0.1 𝑚. The meshes of
the inflatable and the base are shown in Figure 8.3.
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Figure 8.3. Meshes of the inflatable and base.

After the creation of the components of the FE model, all the nodes and elements of meshed geometries
were renumbered through HyperMesh. The model also required the definition of a metric file used as
reference shape to reach the final shape at the end of the inflation without the wrinkles originated by the
folding procedure. The metric file was created taking into account the inflated shape obtained pressurizing
the inflatable using an internal pneumatic pressure of 𝑃 = 2000 𝑃𝑎 (or 0.29 psi), which corresponds to the
value of the internal (or gauge) pressure measured during the experimental test described in the following
sections.

8.4 Folding Methods
Two folding patterns were simulated: a two-zig-zag folding and rolling. The partitions that define the subsurfaces and folding lines implemented in these two folding patterns are shown in Figure 8.4. The total
surface is divided into five sub-surfaces, and each sub-surface is delimited by two folding lines (FL).

Figure 8.4. Sub-surfaces and folding lines.
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8.4.1 Zig-zag Folding
The two-zig-zag folding sequence is illustrated in Figure 8.5 was completed in five different simulations.
At the end of each simulation, the coordinates of the resultant shape were exported first to Abaqus/CAE
and then to Hypermesh to inspect the mesh and detect if the membrane elements were affected by interelement penetrations and intersections, and in such case, correct them before proceeding for the next
simulation. All the simulations of this folding sequence were performed using an MSF equal to 100, a mass
proportional damping factor 𝛼 = 0.4 and no CPF. Contact interactions and friction were defined between
the inflatable boom and the base (𝜇 = 0.50), and between the inflatable and itself (𝜇 = 0.20). The gravity
was kept active during all the zig-zag folding simulations. The sequence of steps performed to reach the
two-zig-zag folded shape are explained below:
1) The first simulation was performed in only one step as shown in Figure 8.5 (a). In this step, the inflatable
structure was initially flattened by the action of gravity applied to all membrane elements along the Zaxis.
2) In the second simulation, shown in Figure 8.5 (b-c), the sub-surfaces from 1 to 4 were defined as rigid
bodies and the folding lines (FL-L and FL4) were constrained to move in any direction. In this
simulation, the reference node of the rigid surface was set to translate vertically along the Z-axis (𝑈3 =
0.04 𝑚) and then, the reference node was set to translate horizontally along the X axis (𝑈1 =
− 0.38 𝑚).
3) In the third simulation illustrated in Figure 8.5 (d), all the surfaces were defined as membrane elements.
The action gravity completed the first zig-zag fold.
4) In the fourth simulation illustrated in Figure 8.5 (e-f), the sub-surface 1 was defined as a rigid body,
and the folding lines (FL-L, FL3, and FL4) were constrained to move in any direction. During the
simulation, the reference node of the rigid surface was set to translate vertically along the Z-axis (𝑈3 =
0.04 𝑚) and subsequently, the reference node of the rigid surface was set to translate horizontally along
the X axis (𝑈1 = − 0.40 𝑚).
5) In the fifth simulation shown in Figure 8.5 (g), all the surfaces were defined again as membrane
elements and the action of gravity completed the second zig-zag fold.
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Figure 8.5. Two zig-zag folding sequence, main folding steps.

8.4.2 Folding by Rolling
The folding sequence illustrated in Figure 8.6 was completed in ten different simulations. As in the zig-zag
folding, at the end of each simulation, the coordinates of the resultant shape were exported first to
Abaqus/CAE and then to Hypermesh for inspection and detection of inter-element penetrations and
intersections before proceeding for the subsequent simulations. All the simulations of the folding sequence
were performed using an MSF = 100, a mass proportional damping factor 𝛼 = 0.4 and no contact penalty
factor. Contact interactions and friction were defined between the inflatable boom and the base (𝜇 = 0.50),
and between the inflatable boom and itself(𝜇 = 0.20). The sequence of steps performed to reach the folded
shape, are explained below:
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1) The first simulation illustrated in Figure 8.6 (a-d) was performed in four steps. The inflatable structure
was initially flattened by the action of gravity applied to all membrane elements along the Z-axis. Then,
translational and rotational boundary conditions were applied to the nodes on the folding line FL-L.
The nodes were set to translate vertically along the Z-axis (𝑈3 = 0.02 𝑚), then to rotate around the Y
axis (𝑈5 = 30° ) and, as the last step, to translate horizontally along the X axis (𝑈1 = 0.40 𝑚).
2) In the second simulation illustrated in Figure 8.6 (e), the action of gravity completed the first fold.
3) In the third simulation shown in Figure 8.6 (f-h, the folding lines FL-L and FL3 were held using
connector elements to keep the position of the first fold during the second rolling procedure. The same
boundary conditions applied to the nodes on the line FL-L were applied now to the nodes on the folding
line FL4.
4) Only gravity was applied in the fourth simulation as shown in Figure 8.6 (e). At the end of this
simulation, the second fold was completed.
5) The fifth simulation illustrated in Figure 8.6 (j-k) was performed in three steps. The folding lines FL4
and FL2 were held using connector elements for the same reason explained previously. The action of
gravity initially flattened the inflatable and then, translational and rotational boundary conditions were
applied to the nodes on the folding line FL1. The nodes were set to translate vertically along the Z-axis
(𝑈3 = 0.02 𝑚), then, to rotate around the Y axis (𝑈5 = −10° ) and, as the last step, to translate
horizontally along the X axis (𝑈1 = −0.40 𝑚).
6) In the sixth simulation, the third fold was completed by the action of gravity as shown in Figure 8.6 (l).
7) The seventh simulation was performed in three steps as illustrated in Figure 8.6 (m-o). The folding
lines FL1, FL2, and FL3 were constrained to move in any direction. Translational boundary conditions
were applied to the nodes on the folding line FL-R. The nodes were set to translate vertically along the
Z-axis (𝑈3 = 0.06 𝑚) and then to translate along the X axis (𝑈1 = −0.40 𝑚).
8) In the eighth simulation only gravity was applied to all membrane elements as shown in Figure 8.6 (p)
9) In the ninth simulation, all the inflatable was defined as a rigid body. The master reference node was
set to rotate around the Y-axis (𝑈5 = 180° ) as shown in Figure 8.6 (q).
10) The last simulation was performed in four steps as shown in Figure 8.6 (r-s). Gravity, as always, was
applied in the first step. Translational boundary conditions were applied to the nodes on the folding
line FL-R. The nodes were set to translate vertically along the Z-axis (𝑈3 = 0.05 𝑚), and then, to
translate along the X axis (𝑈1 = −0.39 𝑚). At the end of the simulation, all constrains applied to the
nodes on the folding line FL-R were removed to obtaining the fourth fold.
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Figure 8.6. Rolling sequence, main folding steps.

8.5 Simulation of Deployment and Inflation
The simulation of the deployment and the inflation process of the two folded shapes described above were
performed and compared to the results of a small-scale experiment. The sequence of deployment and
inflation starts with the folded shape fixed along the top edge of the inflatable. During the deployment, the
fixed nodes were not allowed to translate but were allowed to rotate. Gravity was applied from the beginning
of the simulation, and the inflator was activated at the end of the deployment. The inflation was performed
using an MSF of 20, a mass proportional damping factor 𝛼 = 0.8 and no contact penalty factor. The entire
initial deployment and inflation sequence was set to take place in 120 seconds plus 5 additional seconds for
𝑘𝑔

deactivation of the inflator and pressure stabilization. A mass flow rate of 0.000605 𝑠𝑒𝑐 was implemented
in the inflator definition. Figure 8.7 and Figure 8.8 show a sequence of images corresponding to the initial
deployment of the zig-zag folding and rolling. Figure 8.9 shows a sequence of images of the inflation
process. These images include the simulation results compared to the results obtained from the exploratory
small-scale experiment.
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Figure 8.7. Deployment of two-zig-zag folding.

Figure 8.8. Deployment of rolling.
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Figure 8.9. Sequence of inflation.
From Figure 8.7 to 8.8 it is possible to observe that during the deployment of the inflatable, the FE
predictions and the experimental results don’t match exactly. These results are attributed to the following
two factors: a) the artificial compressive strength adopted for the simulations; and b) the shear strength
adopted for the membrane material. Moreover, since the material used in the prototype is very light, the
surrounding air present during the deployment probably influenced the behavior of the prototype by
creating a relatively viscous environment in which the total mass of the inflatable could not totally overcome
the resistance produced by the air. This effect is not captured by the FE model since aerodynamic drag was
not incorporated. A more accurate constitutive model corresponding to the actual material used in the
experiments would be needed to achieve a better match between the simulation and the experimental results
during the deployment. On the other side, the simulation of the inflation matched the behavior seen in the
experiment relatively well as illustrated in Figure 8.9. The air mass flow rate adopted in the simulation was
adequate to reach the same pressure measured in the experiment at the end of the inflation.
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